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Abstract 
Semiconductor diode lasers have a wide variety of applications in optical communications, 
spectroscopy and imaging. This thesis reports on work to produce novel semiconductor 
diode lasers, and expand their application areas. Semiconductor lasers designed and 
fabricated in this work are based on quantum well structures operating at 1550 nm. 
Three main findings are reported in this thesis.  The first finding is about distributed feedback 
semiconductor lasers and laser arrays based on novel sampled Bragg grating structures. 
These semiconductor lasers have enhanced effective coupling coefficients compared to 
distributed feedback lasers based on the conventional sampled Bragg grating structure. The 
effective coupling coefficient of the conventional sampled Bragg grating is only about 0.32 
times of a uniform Bragg grating. However, based on novel sampled Bragg grating 
structures, the effective coupling coefficients can be up to 0.9 times of a uniform Bragg 
grating. An eight-wavelength distributed feedback semiconductor laser array is reported, 
which has a precise wavelength separation of 100 GHz at 1550 nm. 10 mW of output optical 
power was achieved by a single diode laser. The second finding regards a novel dual-mode 
semiconductor diode laser based on a single cavity. The dual wavelengths of this laser are 
lasing stably with a wavelength separation of 4.45 nm. Based on this dual-mode diode laser, 
a THz frequency of 560 GHz is generated based on the photomixing technique. The third 
finding of this thesis is about THz repetition frequency mode-locked semiconductor lasers. 
The mode-locked semiconductor lasers are based on novel sampled grating distributed Bragg 
reflector structures. Compared to the mode-locked laser based on the conventional sampled 
grating distributed Bragg reflector structure, the effective coupling coefficient is increased 
by more than a factor of three in the new mode-locked laser. Optical pulses at repetition 
frequencies of 620 GHz and 1 THz are generated based on the mode-locked diode laser. 
Design, fabrication and characterisation of these semiconductor lasers are introduced in 
detail in this thesis. 
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Chapter 1 
Introduction 
1.1 Motivation 
Since the first semiconductor laser diodes were reported in 1962 [1], they have undergone 
an enormous development, which has had great influence in the world. Various kinds of 
applications have been developed, from the readout sources in CD/DVD, laser printers, mice 
and pointers to the multiwavelength transmitters used in optical fibre communication 
systems [2]. In addition to these “classic” applications, new applications are continuously 
being developed based on semiconductor laser diodes. For example, lasers diodes can be 
used in gas monitor systems in manufacturing plants for safety and pollution control 
purposes [3]; many new patents have been applied for 3D cameras for virtual reality (VR) 
environments [4, 5]; semiconductor laser arrays are expected to be used in high-definition 
light detecting and ranging (LIDAR) systems [6], which can be used for driverless cars in 
the near future, etc. Many of the applications are popular around the world and are expected 
to change the world in the future. Indeed, expanding the application areas of semiconductor 
laser diodes is really an exciting research area. 
The applications of semiconductor lasers in the optical fibre communication systems are 
very important. Fibre links are the foundation of the Internet, which is the basis of the modern 
world, the so-called “information era”. Nowadays, we can hardly live without the Internet. 
We surf on the Internet, communicate with each other through instant messaging software, 
play online games, make payments online and even order meals through the Internet. As the 
light sources for optical fibre communication systems, semiconductor laser diodes are of the 
key importance. These laser diodes are usually InP-based devices with high efficiency. Since 
light stimulated from InP-based semiconductor laser diodes can be transmitted through silica 
fibres, information has been transferred worldwide through the optical fibre networks. New 
semiconductor lasers are expected to be developed for novel applications.  
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1.2 DFB Semiconductor Laser Diodes for Optical 
Communications 
A typical structure of an optical fibre communication system is illustrated in Fig. 1.1. 
Usually, the system consists of an optical transmitter, the optical channels, one or more 
optical amplifiers and optical receivers. Modulated by electric signals, light is generated 
from the optical transmitter and is transmitted through the optical channels, which are based 
on silica optical fibres. Because there is optical loss, an optical amplifier is needed. At last, 
after transmission through optical channels, light is detected by optical receivers, where 
electric signals will be demodulated. Semiconductor laser diodes are used as the light source 
in the optical transmitter. 
 
Figure 1.1: A typical structure of optical fibre communication system. 
1.2.1 Light Sources for the Internet 
III-V alloys with direct gaps are adopted for semiconductor laser diodes, which are in small 
sizes, have high efficiency and can be electrically pumped. Figure 1.2 shows the bandgap 
energy versus lattice constant diagram of some commonly-used III-V alloys, covering a wide 
wavelength range from red to the far infra-red (about 0.63-10 μm) [7]. From this figure, we 
can see that GaAs- and InP-based materials and their alloys can be used at telecom 
wavelengths ranging from 0.8 to 1.6 μm. Because of the invention of the Erbium-doped fibre 
amplifier (EDFA), wavelengths around 1.5 μm can be amplified in the optical transmission 
systems, which experiences the lowest loss transmitted through the optical fibre. This is the 
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reason that semiconductor laser diodes operating at 1.5 μm are adopted for the long-haul 
optical communication systems. In this thesis, the semiconductor lasers all work at the 
wavelengths around 1.55 μm. 
 
Figure 1.2: Bandgap energy versus lattice constant of various III-V alloys at room 
temperature [7]. 
To fabricate semiconductor lasers operating in a wide wavelength range, alloys of III-V 
quaternary material systems (AlGaInAs/InP or InGaAsP/InP) are well developed for 
telecommunications [8]. By tuning the composition of the quaternary materials, lattice-
matched materials are grown on the substrates (N-type InP or GaAs). To increase the energy 
conversion efficiency, quantum wells (QWs) are introduced to fabricate semiconductor 
lasers [9]. QWs are formed in semiconductors by having a material sandwiched between two 
layers of a material with a wider bandgap. A potential well is then formed that supports only 
discrete energy values. Electrons in semiconductors will concentrate in the lowest energy 
levels and the energy conversion efficiency is enhanced. By introducing a small percentage 
of lattice-mismatch, compressive strain and tensile strain can also be introduced into QWs 
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to adjust the bandgap of the materials. The small percentage of lattice-mismatch would not 
lead to dislocations in the materials, because the strained layers are only a few nanometres. 
What is more, the Transverse Electric (TE) mode will have much larger gain than the 
Transverse Magnetic (TM) mode if the compressive strain is introduced. However, if 
sufficient tensile strain is introduced, the TM mode can have much larger gain profiles [10]. 
The introduced strain is beneficial to single-mode lasing of semiconductor lasers. 
Semiconductor laser diodes in this thesis are all based on 5QW wafer structures. The detailed 
material structure will be introduced in Chapter 3. 
To stimulate lasing in semiconductor lasers, optical feedback is essential. The most basic 
structure is the Fabry-Perot (FP) laser, which has optical reflections from both output facets. 
A vast number of wavelength modes are supported by the FP laser and mode competition 
can be severe especially if the laser is modulated. To avoid mode dispersion, single-mode 
lasers are required for efficient data transmission in the telecom networks and weakly-
coupled gratings are used to guide single longitudinal mode (SLM) operation. Distributed 
feedback (DFB) [11] and distributed Bragg reflector (DBR) [12] semiconductor lasers are 
the two types of diode lasers with integrated gratings. In this thesis, QW semiconductor 
lasers with novel sampled Bragg gratings (SBGs) are introduced. Novel optoelectronic 
devices have been designed and fabricated successfully, broadening the application areas of 
semiconductor lasers. 
 
Figure 1.3: The diagram of a typical WDM link [13]. 
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1.2.2 Wavelength Division Multiplexing 
The demand for data capacity is continuously increasing with the development of the 
Internet. One way to increase data capacity in optical communication systems is to add more 
channels with different wavelengths in a single fibre, an approach which is named as 
Wavelength Division Multiplexing (WDM). Figure 1.3 shows a typical WDM link for 
telecoms [13]. For the optical transmitter, multiple independent wavelengths are generated 
by the semiconductor lasers. Each wavelength is modulated by an electrical signal, then all 
the wavelengths are combined by a wavelength multiplexer and launched into a single mode 
fibre. After transmission through the optical fibre (optical amplifiers may be needed), the 
wavelengths are demultiplexed by a wavelength demultiplexer, then each wavelength is sent 
to an individual receiver. WDM is widely used both in short-reach interconnects [14] and 
long-haul optical communication systems [15]. In 1997, the era of WDM systems began in 
terms of significant commercial deployments with promoted WDM systems featuring 10 
channels at 2.5 Gb/s [16]. In modern dense wavelength division multiplexing (DWDM) 
systems, commercial optical communication systems carry up to 192 channels at up to 250 
Gb/s on a 50 GHz grid, supporting a long-haul capacity of ~ 48 Tb/s, and for short-reach 
applications up to 400 Gb/s per channel, reaching a total capacity of ~ 76 Tb/s [17, 18]. For 
the research records today, a data rate in excess of 1 Tb/s has been achieved on per-carrier 
wavelength and the WDM capacity in a single-mode fibre can reach a data rate of up to 115 
Tb/s [19-21]. 
1.2.3 Photonic Integrated Circuits 
Modern optical communication systems based on a massive number of individual devices 
are raising concerns about form factor and energy consumption [22]. Photonic integration is 
a promising way to solve the problems [23-25], in which different functional devices are 
integrated on a single chip, so that more compact size and better energy efficiency will be 
achieved. Figure 1.4 shows a typical 100 Gb/s DWDM optical transmitter based on a 
photonic integrated circuit (PIC), which includes an optical power monitoring (OPM) array, 
a DFB laser array, an electro-absorption modulator (EAM) array, a variable optical 
attenuator (VOA) array and an arrayed-waveguide grating (AWG) multiplexer. As the main 
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optical sources used in optical communication systems and in PICs, making DFB and DBR 
laser arrays with high yields as well as high performance is always a challenge. 
 
Figure 1.4: Schematic of a typical 100 Gb/s DWDM PIC transmitter [23]. 
There are three main approaches to realize PICs: InP-based photonic integration, hybrid 
integration, and silicon photonics. The three types of PICs will be introduced as follows. 
1.2.3.1 InP-based Photonic Integration 
Since we can make semiconductor laser diodes directly based on InP, it is very natural to 
come up with the idea to fabricate PICs with the same material. The key point here is how 
to make passive devices based on InP, such as optical waveguides, multimode interference 
(MMI) couplers, AWG multiplexers, Mach-Zehnder modulators (MZMs), etc. [26]. 
Researchers have developed several methods for active/passive integration on the InP 
platform: offset quantum-well waveguides [27], butt-joint regrowth [28], selective area 
growth [29] and quantum-well intermixing (QWI) [30]. Different methods have their 
advantages and limitations and, for practical applications, different methods may be used in 
combination. 
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The first commercial success for PICs is the photonic integration based on InP, which is 
produced by Infinera. In 2012, terabit/s class InP PICs were realized by this company and 
more than 450 functions were integrated on a single chip [31]. However, because of the 
optical diffraction limit and the difficulty of achieving optical isolation, photonic integration 
on a single chip cannot scale in the same way as electronic devices, which makes it difficult 
to increase the capacity on a single chip. At the same time, the processes to make InP-based 
PICs are complex and, as a result, the price of these chips is high. Hence, researchers are 
trying to make PICs in other ways. 
1.2.3.2 Hybrid Integration 
Another way to make PICs is to couple laser diodes with passive devices in different 
materials, which is called hybrid integration. Passive devices can be made of various kinds 
of materials, like silica, LiNbO3, silicon nitride, polymer and silicon on insulator (SOI) [32-
35]. In this case, the passive devices can be optimized separately to obtain the best 
performance. For example, the silica-based AWG is really a success because of its low loss 
and low cost; MZMs based on LiNbO3 can achieve very high modulation performance and 
passive devices based on polymers can have very low cost. These passive devices are 
typically classed as planar lightwave circuits (PLCs). Figure 1.5 shows the simplified 
schematic for hybrid integration, where the laser array and the multiplexer (made in a PLC) 
are coupled together. 
The problem with hybrid integration is the coupling loss. Because of different materials used, 
the refractive indices are very different, which means that the optical modes are different. 
To reduce the coupling loss between different materials, a spot-size converter is usually 
introduced [36]. Packaging is therefore a big challenge for hybrid integration. 
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Figure 1.5: Schematic of coupling the laser array in a PLC. 
1.2.3.3 Silicon Photonics 
Silicon photonics is considered to be a key technology for the next generation of PICs. This 
technology is based on the silicon-on-insulator (SOI) platform, which has silicon grown on 
Silicon Dioxide (SiO2) based on a silicon substrate. The SOI fabrication could be compatible 
with Complementary Metal Oxide Semiconductor (CMOS) technology, leading to a robust 
and high yield technology with reliability and performance [37]. At the same time, because 
the refractive index difference between silicon and SiO2 is much higher, it has better optical 
confinement than InP/GaAs, which means the feature sizes of the devices can be much 
smaller and the device integration can be much more compact. Figure 1.6 shows the 
fundamental optical mode of a silicon waveguide based on the SOI platform, simulated by 
Lumerical MODE Solutions. With the refractive index of Si and SiO2 being 3.5 and 1.46 at 
1550 nm respectively, the vertical refractive index contrast is rather high. As a result, a width 
of the silicon waveguide as small as several hundred nanometres can be achieved. By 
contrast, the width of an optical waveguide based on InP is typically 2 μm when a shallow-
etched ridge waveguide is introduced. The vertical refractive index contrast of InP devices 
cannot be designed high because of material properties. 
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Figure 1.6: The fundamental optical mode of the silicon waveguide. 
As is well known, silicon is an indirect-gap material. Although various kinds of passive 
devices have been realised on SOI platform, such as grating-coupler, low-loss optical 
waveguide, AWG, spot-size converter, etc. [38, 39], a practical silicon based laser is still not 
available. The problem is then how to integrate laser diodes with silicon photonics devices. 
There are mainly three techniques for integration. One way is to transfer an InP-based 
epitaxial structure to the SOI substrate through a direct wafer-bonding process [40]. Another 
way is to grow III-V materials directly on silicon to make semiconductor lasers [41]. The 
third is “pick and place” of lasers into an SOI PLC [42]. One company, called Luxtera, has 
been founded to apply the wafer-bonding technique, and their products based on silicon 
photonics have been promoted to the market. 
1.2.4 The Aim of This Research 
As we can see, DFB semiconductor laser diodes are key optoelectronic devices for optical 
communications. For photonic integration, DFB semiconductor lasers will still play an 
important role. In this work, DFB semiconductor lasers and laser arrays with novel SBGs 
will be designed and fabricated. We will show that the wavelength spacing can be precisely 
controlled. DFB semiconductor laser arrays with precisely-controlled wavelengths can meet 
the requirements for the Telecommunication Standardization Sector of the International 
Telecommunications Union (ITU-T), which means less tuning (by temperature or by 
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current) will be required. Novel SBGs are therefore promising structures to be applied to the 
laser sources for PICs. 
1.3 Terahertz Signals Generation 
1.3.1 Introduction of Terahertz Waves 
The research of terahertz (THz) electromagnetic radiation has attracted more and more 
attentions in recent years [43]. The THz spectrum region lies in the gap between radio waves 
and light, which is roughly defined by the frequency range from 0.1 to 10 THz, as shown in 
Fig. 1.7.  Historically, this spectral region was called the “terahertz gap” because of the lack 
of inexpensive and convenient sources, detectors and systems for terahertz waves. At longer 
wavelengths, applications such as radar, microwaves and radio communications have been 
developed for a long time and have had a great impact on humanity. At shorter wavelengths, 
we have the applications of optical communications, medical imaging, astrophysics, etc. The 
“terahertz gap” is waiting to be explored. The good news is that, after so many years of 
development, many new terahertz techniques have been proposed and realized, with great 
potential applications in terahertz spectroscopy, imaging, sensing and wireless 
communications [44]. 
 
Figure 1.7: The THz spectrum region in the whole electromagnetic frequency spectrum [45]. 
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Although research has already been carried out in the THz spectrum region for several 
decades, the main drive came from radio astronomy [46-48], which is the last largely-
unexplored wavelength frontier for astronomical observations [49]. Terahertz spectroscopy 
could be used to study the evolution of matter in our galaxy and the formation history of 
stars. For example, since many atoms, ions, and molecules have emission lines at THz 
frequencies [50, 51], these emission lines can be used to probe the conditions in Giant 
Molecular Clouds through our galaxy [52]. 
THz radiation can also be potentially used for imaging and sensing, in the areas of biological 
and medical sciences, pharmacology and security [53, 54], which results from various 
characteristics of THz waves. For dielectrics, the absorption of THz radiation depends on 
the polarity and optical phonon resonances of the material [55]. For most dry, non-metallic 
and nonpolar objects like paper, plastics and nonpolar organic substances, THz waves are 
transmitted with very little loss [56]. On the other hand, for polar liquids such as water, 
strong absorption occurs in the THz frequency region [57, 58]. By utilizing these features, 
terahertz techniques have been applied for transillumination of biological tissues [59], 
recognition of protein structural states [60], performing label-free DNA sequencing [61], 
security screening and counterterrorism [62], etc. 
It is known that higher frequencies will provide higher bandwidth for wireless 
communications. With more and more people relying on wireless networks, there is an 
explosive increase in mobile traffic [63]. The commercially-utilized radio frequency has 
increased from 2.4 to 5 GHz for wireless communications and 60 GHz wireless 
communication systems are on the way [64, 65]. To go further, with much higher 
frequencies, THz waves are expected to achieve 10 Gb/s data rates or even higher in the near 
future [66-68]. For indoor applications of THz wireless communications, there is no major 
problem of transmission, but for long-distance transmission, strong attenuation of THz 
signals needs to be taken into consideration because of absorption by water in the 
atmosphere. Figure 1.8 illustrates the atmospheric attenuation calculated due to rain rates of 
25 and 5 mm/h, where the red lines show the base attenuation with the rain. We can see that, 
with the increase of frequency, the attenuation increases dramatically, which will lead to 
very short transmission distances in the THz frequency region. This will be an obstacle for 
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the application of THz wireless communications. However, several transmission widows 
may be utilized. 
 
Figure 1.8: Atmospheric attenuation calculated due to rain rates of 25 and 5 mm/h, with 
water content of 7.5 g/m3 and atmospheric temperature of 20 °C [69]. 
Terahertz techniques provide various possible applications to make people’s life better and 
are expected to achieve huge development in the near future. Here, we will focus on the 
techniques for terahertz sources. 
1.3.2 Terahertz Sources 
Terahertz sources are considered to be the most difficult components among all the elements 
in terahertz technology [53]. Several main techniques for terahertz sources will be introduced 
as follows. 
1.3.2.1 Terahertz Time-domain Spectroscopy 
Terahertz time-domain spectroscopy (THz-TDS) is a technique to generate broadband THz 
radiation in the form of short pulses, which was firstly studied in the 1980s at the IBM T.J. 
Watson Research Centre and AT&T Bell Labs [70, 71]. Since many materials have their 
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own typical absorption bands in THz spectrum region, called fingerprints, broadband THz 
radiation can be used to find the fingerprint spectra of target materials in security and/or 
biological uses for materials analysis [43]. For example, THz-TDS has been successfully 
used for gas sensing and inspection of DNA components and biological tissues [72-75].  
 
Figure 1.9: Schematic of a typical THz-TDS imaging system [76]. 
Figure 1.9 illustrates a schematic of a typical THz-TDS imaging system, which starts from 
a femtosecond laser. The femtosecond laser can be a femtosecond Ti:Sapphire laser or a 
diode-pumped Cr:LiSAF laser [56], which is able to produce trains of pulses with duration 
of about 100 fs. The femtosecond laser beam is split into two beams. One beam is incident 
on a THz transmitter to generate THz pulses, while another beam is used to gate the THz 
detector and measure the THz signals, after being amplified by a current preamplifier. The 
data is collected by a computer. Before the beam is incident on the THz transmitter, a 
scanning optical delay line is used to offset the two beams and allow the THz temporal 
profile to be iteratively sampled. For the THz transmitter, a number of different mechanisms 
can be applied to generate THz pulses, including photoconductive antennas (PCA), second-
order non-linear effects in electro-optic crystals, optical rectification, electronic non-linear 
transmission lines and plasma oscillations [45, 77-79]. THz pulses are then collimated and 
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focused on the sample by several parabolic mirrors. After transmitting through the sample, 
the THz signals are collimated and focused onto the THz detector. Such a THz-TDS system 
is widely used for imaging and spectroscopy. However, this kind of system is usually 
expensive and large. Cheap and portable THz-TDS systems are the future. 
1.3.2.2 Terahertz Quantum Cascade Lasers 
Quantum Cascade Lasers (QCLs) are semiconductor lasers first developed in the mid 
infrared region [80]. QCLs in the terahertz region were first realized in 2002 [81]. They are 
compact THz sources for narrowband THz radiation, and frequencies in the region of about 
1 to 5 THz have already been realized [82-85].  
For conventional semiconductor lasers, photons are generated according to the bandgap of 
the active material by radiative recombination between electrons in the conduction bands 
and holes in the valence bands, which is called an interband transition. However, for QCLs, 
light emission is realized through intersub-band transitions in a potential staircase of coupled 
quantum wells, the conduction band of which is split into a series of distinct sub-bands by 
quantum confinement effects [81]. The quantum well design of THz QCLs (bandgap 
engineering) can be realized by growing thin layers (several few-nm-thick) of different 
semiconductor materials, such as GaAs/AlGaAs layers. By applying an electric field, 
electron population inversion will be obtained between two sub-bands in a series of identical 
repeating units, with THz photons being emitted during each transition. A point of interest 
is that the emission wavelength is determined by the thickness of semiconductor layers, not 
the physical properties of the materials [43]. Therefore, arbitrary emission frequencies can 
be controlled through the thickness of different layers, with the advantage that different 
wavelengths can be achieved with the same material. QCLs can operate in both pulsed and 
continuous-wave (CW) modes. 
At first, QCLs could only work at liquid nitrogen temperature (77 K). However, with 
researchers’ efforts, the working temperature has been increased [86]. Based on intracavity 
difference-frequency generation from mid-infrared dual-wavelength quantum cascade lasers, 
THz sources have been realized at 4 THz at room temperature [87]. This is an indirect way 
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to generate THz signals at room temperature rather than using a QCL standard THz laser. It 
is still challenging to take QCLs from the laboratory to industry.  
1.3.2.3 Resonant Tunnelling Diodes 
Since THz radiation is located between light and radio waves, both optical and electronic 
devices can be investigated to extend their frequency range to act as THz sources. For 
semiconductor lasers, as mentioned above, QCLs for THz radiation have been realized from 
the optical device side. On the electronic device side, oscillators with hetero-bipolar 
transistors, high electron mobility transistors and Si-based transistors are being studied for 
THz signal generation [88-92]. Among these devices, the resonant tunnelling diode (RTD) 
is a promising candidate for THz sources. Previously, RTDs with high frequencies could 
only operate at low temperature. For example, frequencies up to 2.5 THz were achieved at 
25 K [93]. However, RTDs with oscillation frequencies up to 1.92 THz working at room 
temperature have been realized recently [94], which shows great potential for future 
applications. 
The structure of a RTD is simple, consisting of a single quantum well for confinement of 
carriers. The single quantum well comprises three thin layers of material, each of thickness 
of only several nanometres, with one of the layers confined between two other layers of a 
different material with a larger band gap, called barriers. If the barriers are sufficiently thin, 
carriers can tunnel through them by quantum effects. With parameters optimized for the 
quantum well, resonant tunnelling can occur at THz frequencies. A THz oscillator then can 
be realized by integrating the RTD with a slot antenna to generate THz waves [94]. Most 
RTDs are based on the InGaAs/AlAs material system [95-97], while other material systems 
like InAs/AlSb can also be used [98]. The thin layers of the quantum well are generally 
grown by Molecular Beam Epitaxy (MBE), while Metal Organic Chemical Vapour 
Deposition (MOCVD) can also be used if the process is well controlled. A slot antenna has 
a length of 10-50 μm, which determines the oscillation frequency [99]. To achieve high 
output power, the RTD and the antenna need to be impedance-matched. 
The THz oscillation frequency is determined by the LC resonance, where the inductance L 
is from the antenna and the capacitance C is from both the structures of the RTD and the 
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antenna. To achieve higher THz oscillation frequencies, the LC value needs to be reduced. 
On one hand, the length of the antenna can be reduced to reduce both the inductance and the 
capacitance [100]. However, this results in a reduction of the radiation conductance, which 
leads to a decrease of the output power. On the other hand, thin layers can be employed to 
reduce the resonant tunnelling time [101, 102]. In this circumstance, thin wells and barriers 
can be used with the barriers of as thin as 1 nm [103], which places very high requirements 
on the growth technique for MBE or MOCVD. To achieve a higher output power, an array 
of RTDs can be designed and fabricated [104, 105], because the output power is currently 
very low. For example, an output power of 60 μW at 1 THz was achieved for a typical RTD 
[99]. The output power needs to be improved for future applications. 
1.3.2.4 Photomixing Based on Two Wavelengths 
To generate narrow THz linewidth spectra with good stability and reliability, a continuous-
wave (CW) system is a suitable option, which could offer a better resolution on a pre-selected 
linewidth [106]. THz CW systems are generally based on photomixing of two different 
wavelengths and the schematic of the system is shown in Fig. 1.10. Two wavelengths with 
a frequency difference in the THz frequency range are generated by two CW lasers and 
combined through a beam splitter. The combined beam is then focused on the THz 
photomixer antenna to generate THz waves coupled to the air. Two CW Ti:sapphire lasers 
were first used in a CW THz system by Verghese et al. [107]. To detect the THz signals, a 
THz photomixer antenna, a bolometer or a Golay cell can be used [108-110]. Detectors are 
expected to be integrated with the transmitters to build an integrated transceiver containing 
both THz transmitting and receiving elements. 
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Figure 1.10: THz signal generation based on photomixing of two wavelengths. 
A THz photomixer antenna generally consists of two metallic (usually gold) electrodes on a 
photoconductive substrate. Typical photoconductors include high-resistivity GaAs, InP, 
InGaAs and radiation-damaged silicon wafers [45]. Metallic electrodes are used for current 
bias and to form an antenna. The antenna’s structure and dimensions need to be designed 
carefully to achieve the designed resonant frequency [111], which should match the 
frequency difference of the two wavelengths. 
As well as photoconductors, ultra-fast photodetectors with high-frequency responses can 
also be utilised  in THz antennas [112, 113]. These photodetectors have p-i-n structures 
modified to give a shorter carrier transit time, lower load resistance and smaller intrinsic and 
parasitic capacitances. Two typical structures have been demonstrated, which are the 
Traveling-Wave Photodiode (TW-PD) [114] and the Uni-Traveling Carrier Photodiode 
(UTC-PD) [115]. 24 μW output power at 914 GHz has already been demonstrated by 
adopting the UTC-PD by the research group at University College London [116]. 
THz photomixer antennas with compact sizes are expected to achieve higher efficiencies. 
These antennas could be used in compact THz systems with good portability. 
1.3.3 The Aim of This Research 
THz waves have a diverse range of applications in terahertz spectroscopy, imaging, sensing 
and wireless communications. As the key components of the THz systems, compact and 
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low-cost THz sources are needed. In this work, novel dual-mode semiconductor lasers based 
on SBGs will be presented. We will show that two wavelengths with stable stimulation can 
be achieved in a single diode laser. Using the dual-mode lasers, THz signal generation has 
been observed based on photomixing when laser output light is focused on a THz photomixer 
antenna. Additionally, these compact dual-mode lasers have the potential for mass 
production. Integrated with THz photomixer antennas, it is possible to encourage compact 
and low-cost continuous-wave THz systems in the future.   
1.4 Mode-locked Semiconductor Lasers 
1.4.1 Theory of Mode-locking 
Mode-locking is a technique in optics to generate ultrashort pulses from lasers, which are 
then called mode-locked lasers [117]. Generally, the resulting pulses of light have extremely 
short durations, on the order of picoseconds (10−12 s) or femtoseconds (10−15 s). According 
to the Fourier transform, to generate pulses of light, multiple wavelengths with the same 
frequency separation are required. Limited by the Fourier transform, to achieve a shorter 
pulse duration, a wider spectrum is needed. The width of spectrum over which a laser may 
operate is limited by its gain bandwidth and the gain bandwidth varies with different types 
of lasers. For a typical helium-neon laser, the gain bandwidth is about 1.5 GHz, with a 
wavelength range of about 0.002 nm at the central wavelength of 633 nm. However, for a 
titanium-doped sapphire (Ti:sapphire) laser, its gain bandwidth can be as wide as 300 nm 
wavelength range centred at 800 nm. For semiconductor lasers, the gain bandwidth is 
normally dozens of nanometres, which is sufficient to produce femtosecond mode-locked 
pulses [118-120]. 
In the simplest situation, an FP cavity is applied to generate multiple longitudinal modes 
with different wavelengths to make a mode-locked laser. An FP cavity laser consists of two 
plane mirrors facing each other with the laser gain medium between the two mirrors. 
Bouncing between the two mirrors, light will interfere with itself and multiple longitudinal 
modes will be generated within the gain spectrum. For an FP cavity length L and free space 
wavelength λ, the generated longitudinal modes satisfy the condition:   
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 𝐿 = mλ/2𝑛𝑒𝑓𝑓, (1.1) 
where m is an integer (around 103 to 104 approximately) and 𝑛𝑒𝑓𝑓 is the effective refractive 
index. The frequency separation between adjacent longitudinal modes is given by 𝛥𝑣: 
 𝛥𝑣 =
𝑐
2𝑛𝑔𝐿
, (1.2) 
where c is the speed of light in the vacuum and 𝑛𝑔 is the group index of the gain medium. 
  
Figure 1.11: Schematic of an FP cavity laser and its output spectrum. 
Figure 1.11 illustrates the schematic of an FP cavity laser and its output spectrum. The output 
optical spectrum is limited by the bandwidth of the gain medium. For a simple FP laser, 
operating in continuous-wave condition, each of the stimulated wavelengths oscillates 
independently. In this case, the phase between different modes is not fixed and the output 
light intensity is constant. When the phase between different modes is fixed, the laser is said 
to be “mode-locked” and pulses of light will be emitted periodically. Considering a light 
pulse travelling inside the cavity, part of the light pulse will be emitted when the pulse hits 
the output mirror. Hence, the pulse separation time equals the laser cavity’s round trip time 
τ, which is given as: 
 𝜏 =
2𝑛𝑔𝐿
𝑐
. (1.3) 
Comparing with equation (1.2), the round trip time and the mode spacing of the laser have 
the relation of: 
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 𝛥𝑣 = 1/𝜏. (1.4) 
The pulse duration time is much shorter than the round-trip time and it is determined by the 
number of modes with fixed phase. 
 
Figure 1.12: Schematic of (a) active mode-locking, and (b) passive mode-locking. 
There are two basic methods to produce mode-locking in a laser, named as either “active 
mode-locking” or “passive mode-locking”. A modulator is introduced into the laser cavity 
to achieve active mode-locking, as shown in Fig. 1.12(a). To introduce modulation of the 
resonator losses or of the cavity phase change, the modulator can be either an acousto-optic 
modulator, electro-optic modulator or electroabsorption modulator [121, 122]. When the 
modulation is synchronized with the resonator round trip time, ultrashort pulses with 
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picosecond pulse durations can be generated. This technique requires accurately matching 
the modulation frequency and the round trip time. 
 
Figure 1.13: Time-dependent loss in a saturable absorber. 
As the name indicates, passive mode-locking does not require an external signal modulation, 
and it allows the generation of pulses with much shorter pulse duration time (on the order of 
femtosecond), compared with active mode-locking. A saturable absorber (SA) is generally 
used to achieve passive mode-locking [123, 124], as shown in Fig. 1.12(b). The mechanism 
of optical pulse generation will be explained as follows [125]. In the pumped laser cavity, 
noise is present and the electric field intensity fluctuates with time incoherently. Figure 1.13 
shows the time-dependent gain and loss when an optical pulse passes through an SA. 
Because of the nonlinear absorption characteristics of the SA, at higher intensities the loss 
is reduced, while the low intensity components are strongly attenuated. When the loss 
reaches saturation before the gain in a total cavity, a net gain window will be formed in the 
time domain according to the intensity fluctuation. In the net gain window, the pulse 
intensity is amplified. At the end of the net gain window, the energy of the optical pulse is 
high enough to deplete the gain, and losses are high again. By this time, the SA begins to 
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recover and an optical pulse is output. This pulse formation process will be repeated and an 
optical pulse train will be generated, reaching a steady state in the laser cavity. 
In this thesis, a semiconductor SA will be integrated to fabricate semiconductor mode-locked 
lasers at THz repetition frequencies based on passive mode-locking technique. 
1.4.2 Structure of A Simple semiconductor mode-locked laser 
Here, a simple semiconductor mode-locked laser structure based on passive mode-locking 
will be introduced, which is the basis to understand the complex structures of other 
semiconductor mode-locked lasers. Figure 1.14 shows the micrograph of a simple 
semiconductor mode-locked laser. This diode laser was as-cleaved to form an FP cavity, and 
an SA was integrated to introduce passive mode-locking. To achieve better mode-locking 
performance, the SA needs to be optimised to have non-saturable loss, low saturation 
fluence, etc. as low as possible, when saturated [126]. This may require a different QW 
structure in the gain and SA sections which requires relatively complex processes. However, 
it has been shown that provided the length of the SA and gain sections are optimal, an 
identical QW structure can be used in both sections with good performance. Furthermore, 
this optimal structure simplifies the fabrication process. The gain section was biased to 
achieve enough gain for lasing, while the SA was inversely biased with a voltage of −2 V ~ 
−3V. The inverse-bias may remove the photogenerated carriers in the range of 
subpicosecond, which corresponds to THz frequency range [127]. The related mechanisms 
were reported, such as spectral hole burning and carrier heating by the electric field in the 
SA [128]. According to equation (1.2), the frequency separation of adjacent longitudinal 
modes introduced by the FP cavity is determined by the cavity length and the group index 
of the material. The cavity length is typically several hundred microns, while the length of 
the SA is generally dozens of microns. For a typical cavity length of 500 µm, the repetition 
frequencies of generated light pulses are generally tens of gigahertz [129, 130]. The cavity 
length cannot be too short, otherwise it will not lase efficiently and so it is difficult for mode-
locked lasers based on this approach to achieve repetition frequencies higher than 100 GHz. 
What is more, the repetition frequency is sensitive to the cavity length, so the precision of 
the repetition frequencies is limited by the resolution of conventional scribing tools. 
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Figure 1.14: Micrograph of a semiconductor mode-locked laser based on the FP cavity 
structure integrated with an SA. 
To overcome the above limitations and achieve much higher repetition frequencies, novel 
semiconductor mode-locked lasers based on sampled grating distributed Bragg reflectors 
(SGDBR) will be introduced in this thesis, with the SA section also applied to achieve 
passive mode-locking. Instead of the FP cavity, these types of mode-locked lasers will use 
SGDBR structures to achieve multiple longitudinal modes. Compared with FP cavity mode-
locked lasers, these new mode-locked lasers can achieve much higher repetition frequencies, 
even in the terahertz frequency range. 
1.4.3 Autocorrelator 
Being on the order of femtoseconds, ultrashort pulse duration times cannot be measured by 
conventional optoelectronic devices directly. To break the limitation of conventional 
optoelectronic devices, a nonlinear interaction is used to measure the signal indirectly. The 
nonlinear interaction is often based on a nonlinear crystal, such as lithium iodate (LiIO3). An 
intensity autocorrelator was used to measure the ultrashort pulse duration in this work, and 
autocorrelation (AC) traces could be measured. This method does not require a fast 
photodetector and only a slow photodetector is essential. A second-harmonic (SH) signal is 
generated by the nonlinear process in the autocorrelator. After the SH signal is detected, the 
pulse duration time can be calculated. 
Figure 1.15 shows the schematic of the intensity autocorrelator. After the light is coupled 
into the autocorrelator, a beam splitter is used to create two copies of the input optical pulses. 
One of the copies is transmitted through a delay line to achieve a relative time delay, then 
the two copies of pulses are focused on a nonlinear crystal by an optical lens. Because of the 
nonlinear process, these copies interact in a nonlinear medium if they are overlapped 
temporally, and the SH signal is then generated. Transmitted through an aperture, the SH 
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signal is detected by a slow photodetector, while the original signals are blocked by the 
aperture to reduce the noise. Autocorrelation traces can be derived from the detected signal, 
and the pulse duration can then be calculated. 
 
Figure 1.15: Schematic of an intensity autocorrelator. 
In the time domain, if I(t) describes the optical intensity of half of the input pulses and I(t-τ) 
describes that of the delayed pulses, the generated autocorrelation signal 𝐼𝑎𝑐(𝜏) is given by: 
  𝐼𝑎𝑐(𝜏) = ∫ 𝐼(𝑡)𝐼(𝑡 − 𝜏) 𝑑𝑡. (1.5) 
The shorter the pulses are, the faster the autocorrelation signal will decay with the increase 
of τ. For a known pulse shape, the pulse duration is some factor times the duration of the 
autocorrelation signal according to theoretical calculation. For Gaussian-shaped pulses, the 
factor is about 0.707, while the factor is about 0.65 for sech2-shaped pulses. We cannot 
determine the exact shape of ultrafast optical pulses using autocorrelation trace, and it is 
determined by various parameters, including the number of modes, the group velocity 
dispersion, etc. In this work, at the very high frequencies reported (560 GHz to 1 THz), AC 
traces are more like sinusoidal signals, because only two or three lasing modes participated. 
We therefore assume the pulses here sinusoidal shapes. The pulse duration time is half of 
the period time of pulses in this circumstance. 
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1.4.4 The Aim of This Research 
Mode-locked semiconductor lasers are able to generate ultrashort pulses on the order of 
femtoseconds. These lasers have promising applications in various areas such as 
femtochemistry, medical imaging and optical spectroscopy. In this work, THz repetition 
frequency mode-locked lasers based on novel SGDBR structures will be introduced. These 
diode lasers have higher coupling coefficients than mode-locked lasers based on 
conventional SGDBR structures, as well as stable multiple-wavelength lasing performance. 
Using a THz photomixer antenna, generation of THz pulses is realized based on these diode 
lasers. These mode-locked lasers are compact and can be readily mass produced. When 
integrated with THz photomixer antennas, it will be possible to manufacture compact and 
low-cost THz pulse systems in the future. 
1.5 Thesis Overview 
The thesis is organized as follows. Chapter 2 is aimed at the basic theory and design for 
novel sampled Bragg gratings (SBGs). The theories of Bragg grating reflection and the 
transfer matrix method for simulation are reviewed first. Then key highlights of novel SBGs 
are introduced for DFB lasers and laser arrays, dual-mode lasers, and mode-locked lasers 
separately. Corresponding simulation results are presented as well. 
The materials and fabrication steps for semiconductor diode lasers are introduced in Chapter 
3. Wafer structures based on quantum wells and ridge waveguides of DFB lasers are 
described first. The main fabrication steps carried out for DFB lasers are introduced in detail 
in this chapter. 
In the next three chapters, three types of novel semiconductor lasers will be presented 
respectively, which are the highlights for the thesis. The fourth chapter describes novel DFB 
laser diodes and laser arrays. Starting from the principles of design, fabrication results are 
presented. In this chapter, measurements of novel DFB laser diodes and laser arrays with 
precisely-controlled wavelengths are presented, including the output optical power, the 
optical spectra and the far-field patterns. The fifth chapter introduces the realization of novel 
dual-mode semiconductor lasers, which are used to generate continuous-wave THz 
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radiation. Meanwhile, mode-locked lasers with THz repetition frequency based on novel 
SGDBR structures are introduced in the sixth chapter. Characterisation of both the dual-
mode lasers and mode-locked lasers is carried out and results are presented. Based on these 
diode lasers, THz signal generation is expected to be realized.  
The last chapter is about conclusions and future work. The main innovation points and 
achievements are reviewed and highlighted. Furthermore, challenges and suggestions for 
future work are presented.  
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Chapter 2 
Theory and Design 
Conventional DFB and DBR semiconductor lasers use Bragg gratings as optical filters to 
select the lasing wavelengths. Typical optical wavelengths will strongly couple with the 
Bragg gratings, leading to single frequency operation of the DFB and DBR diode lasers. 
Figure 2.1 shows schematics of the DFB and DBR lasers fabricated in this thesis. Multi-
wavelength lasing was also realized with the same schematic. 
 
Figure 2.1: Schematic of (a) DFB diode laser, and (b) DBR diode laser. 
Figure 2.1(a) shows the schematic of a typical DFB diode laser in this thesis. The gain 
medium, consisting of quantum wells, is placed between the N-type and P-type materials. In 
the DFB diode laser, the Bragg grating is distributed along the gain medium. As a 
comparison, Fig. 2.1(b) illustrates the structure of a DBR diode laser. In the DBR diode laser, 
there are gain sections and passive sections with the Bragg grating distributed along the 
passive section. The passive section has a wider bandgap than the gain section. The Bragg 
gratings are important to both of the DFB and DBR lasers. The theory and design of sampled 
Bragg gratings will be introduced in this chapter. The lasing wavelengths of DFB 
semiconductor lasers are affected by many factors, including the Bragg gratings, optical gain 
and loss, nonlinear effects, etc. These factors will lead to the detuning of lasing wavelengths 
from the Bragg gratings. However, we will focus on the reflectivity spectra of Bragg gratings 
here. The reflectivity spectra can give a clear picture of single-mode lasing as well as 
multiple wavelength lasing in semiconductor lasers. They can also be used to effectively 
explain the precise position of lasing wavelengths and effective coupling coefficients. 
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2.1 Theory of Bragg Grating Reflection 
The basic theory of Bragg gratings will be introduced first. Optical coupling between 
propagating modes is induced when a refractive index perturbation is present in optical 
waveguides. The refractive index perturbation is generally formed by two different kinds of 
materials, with refractive index of n1 and n2 separately (say n2 > n1, and n2 − n1 << n1). 
According to the Fresnel equations, light reflection will occur at the interface of the two 
materials. For normal incidence light, the reflection coefficient, r, is described as: 
 r =
𝑛2−𝑛1
𝑛2+𝑛1
=
Δ𝑛
𝑛2+𝑛1
. (2.1) 
And the transmission coefficient, t, is 
 t =
2𝑛1
𝑛2+𝑛1
. (2.2) 
 
Figure 2.2: Schematic of a Bragg grating with coupling of forward and backward optical 
propagating modes. 
As shown in Fig. 2.2, by introducing a periodic perturbation in the propagating direction 
along the optical waveguide, Bragg gratings are formed. The forward propagating mode (Ef) 
and backward propagating mode (Eb) will be strongly coupled with each other at certain 
values of wavelengths. The resonant wavelengths are given by the Bragg condition: 
 𝑚𝜆𝑏 = 2𝑛𝑒𝑓𝑓Λ0, (2.3) 
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where m is the order of the grating response (m is an integer, m > 0), λb is the free space 
wavelength of the propagating mode satisfying the Bragg condition, neff is the effective 
refractive index of the corresponding waveguide mode and Ʌ0 is the Bragg grating period. 
For DFB and DBR semiconductor lasers, the first-order grating (m = 1) for wavelength 
resonance is often adopted, because it has the largest coupling efficiency. 
2.2 Transfer Matrix Method 
The transfer matrix method (TMM) is widely used for Bragg grating analysis, which is based 
on coupled-mode theory. The coupled-mode theory has been studied in several papers and 
books [2, 131-134], and it can be derived from the general electromagnetic wave equation 
for the electric field propagating: 
 
𝑑2𝐸
𝑑𝑧2
+ 𝛽0
2𝐸 = 0, (2.4) 
where E is the sum of the forward and backward propagating electric fields. For a free space 
wavelength λb, the free space propagation constant k0 (only considering the first order 
grating, m = 1) can be described as: 
 𝑘0 =
2𝜋
𝜆𝑏
. (2.5) 
If we use n(z) as the refractive index changing along the propagating direction (z), the Bragg 
propagation constant β0 can be written as: 
 𝛽0 = 𝑛(𝑧)𝑘0. (2.6) 
And if we use R(z) and S(z) representing forward and backward propagating electric fields 
magnitudes, the general solution of the electric field E(z) can be given as: 
 𝐸(𝑧) = 𝑅(𝑧)𝑒(−𝑗𝛽0𝑧) + 𝑆(𝑧)𝑒(𝑗𝛽0𝑧). (2.7) 
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For DFB and DBR semiconductor lasers, the difference between n1 and n2 is relatively small, 
which means that n(z) varies slowly with z. Hence, the functions R(z), S(z) and E(z) all vary 
slowly along the propagating direction. Therefore, it is reasonable to make the 
approximation that n(z) and E(z) are constant in a small region of the Bragg gratings, which 
is the basis of the TMM. One key parameter, called the coupling coefficient, is used to 
represent the coupling strength between Bragg gratings and propagating modes. When the 
gratings have a duty cycle of 0.5, the coupling coefficient κ can be expressed as: 
      𝜅 =
(𝑛2
2−𝑛1
2)Γ𝑥,𝑦
2𝑛𝑒𝑓𝑓
2 Λ0
, (2.8) 
where Γx,y is the optical confinement factor of the mode to the grating area [134].  
Based on the coupled-mode theory, there is a set of equations known as the coupled-wave 
equations: 
 
𝑑𝑅
𝑑𝑧
+ 𝑗Δ𝛽𝑅 = −𝑗𝜅𝑆 (2.9) 
 
𝑑𝑆
𝑑𝑧
+ 𝑗Δ𝛽𝑆 = −𝑗𝜅𝑅, (2.10) 
where Δβ is the detuning around β0, with Δβ << β0. From the equations, when κ equals 0, the 
two equations are independent. In this circumstance, the forward and backward propagating 
modes are not coupled with each other. Further, for uniform Bragg gratings with a length of 
L (starting from the point of z = 0), the coupled-wave equations can be described as: 
 𝑅(𝐿) = [𝑐𝑜𝑠ℎ(𝛾𝑧) −
𝑗𝛥𝛽
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧)] 𝑅(0) −
𝑗𝜅
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧)𝑆(0) (2.11) 
 𝑆(𝐿) =
𝑗𝜅
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧)𝑅(0) + [𝑐𝑜𝑠ℎ(𝛾𝑧) +
𝑗𝛥𝛽
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧)] 𝑆(0), (2.12) 
 
where γ2 = κ2 - Δβ2 [133]. These equations can be written into a matrix form: 
31 
 
 [
𝑅(𝐿)
𝑆(𝐿)
] = 𝑇 [
𝑅(0)
𝑆(0)
], (2.13) 
where T is 
 𝑇 = [
𝑐𝑜𝑠ℎ(𝛾𝑧) −
𝑗𝛥𝛽
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧) −
𝑗𝜅
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧)
𝑗𝜅
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧) 𝑐𝑜𝑠ℎ(𝛾𝑧) +
𝑗𝛥𝛽
𝛾
𝑠𝑖𝑛ℎ(𝛾𝑧)
]. (2.14) 
T is called the transfer matrix [131]. 
For phase-shifted gratings, the Bragg gratings are not continuous and there is a phase shift 
φ. In reference [131], the phase-shift matrix is given as: 
 𝑇𝜑 = [
exp⁡(
−𝑗𝜑
2
) 0
0 exp⁡(
𝑗𝜑
2
)
]. (2.15) 
In general, Bragg gratings can be either phase-shifted, chirped (grating periods vary) or 
apodized (coupling coefficients vary). Since the chirp and apodization vary slowly along the 
propagating direction and the gratings are weakly coupled, as an approximation, the Bragg 
gratings can be divided into many sections. Then, in each section, the gratings are seen as 
uniform and can be represented by a typical transfer matrix.  
 
Figure 2.3: Cascaded transfer matrices. 
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Figure 2.3 shows that the whole Bragg grating is divided into N sections. Each of the sections 
is quasi-uniform and can be represented by a transfer matrix. For every individual section i, 
we have 
 [
𝑅𝑖
𝑆𝑖
] = 𝑇𝑖 [
𝑅𝑖−1
𝑆𝑖−1
] (i⁡=⁡1,⁡2…⁡N ). (2.16) 
Then, we can obtain  
 [
𝑅𝑁
𝑆𝑁
] = 𝑇𝑁 ∗ … ∗ 𝑇2 ∗ 𝑇1 [
𝑅0
𝑆0
] = 𝑇 [
𝑅0
𝑆0
], (2.17) 
where the net transfer matrix T = 𝑇𝑁 ∗ … ∗ 𝑇2 ∗ 𝑇1. The above is a description of how the 
TMM works. 
The TMM is a powerful method to simulate Bragg gratings. In this thesis, the TMM is used 
to calculate the reflectivity spectra of various kinds of Bragg gratings. 
2.3 Sampled Bragg Gratings 
2.3.1 Basic Theory 
 
Figure 2.4:  Schematics of (a) a uniform Bragg grating, with the grating period Ʌ0, and (b) a 
uniformly-sampled Bragg grating, with the sampling period P. 
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For DFB and DBR semiconductor lasers, the first-order Bragg grating periods are only of 
the order of several hundred nanometres, which means it is not easy to produce complex 
Bragg gratings by changing the first-order grating periods directly. To overcome this 
problem, sampled Bragg gratings are used to realize complex grating designs [135, 136]. 
Figure 2.4(a) shows a uniform first-order Bragg grating with the grating period Ʌ0, while 
Figure 2.4(b) shows a uniformly-sampled Bragg grating, with the sampling period P. The 
duty cycle of 0.5 is chosen to achieve the largest coupling coefficients. 
Hence, the total refractive index change ∆𝑛𝑠(𝑧) along the propagating direction can be 
described as: 
 ∆𝑛𝑠(𝑧) =
1
2
𝑠(𝑧)∆𝑛exp (𝑗
2𝜋𝑧
Λ0
) + 𝑐. 𝑐., (2.18) 
where Δn is the refractive index difference and s(z) represents the sampling structure. Since 
the sampling structure has a sampling period of P, s(z) can be expanded as a Fourier series: 
  𝑠(𝑧) = ∑ 𝐹𝑚exp⁡(𝑗
2𝑚𝜋𝑧
𝑃
)𝑚 , (2.19) 
where m is the order of the Fourier series and Fm is the corresponding Fourier coefficient. 
Therefore, ∆𝑛𝑠(𝑧) can be rewritten as: 
  ∆𝑛𝑠(𝑧) = ∑
1
2
∆𝑛𝐹𝑚 exp (𝑗
2𝑚𝜋𝑧
𝑃
+ 𝑗
2𝜋𝑧
Λ0
)𝑚 + 𝑐. 𝑐.,  (2.20) 
which can be transformed to a Fourier series: 
 ∆𝑛𝑠(𝑧) = ∑
1
2
∆𝑛𝐹𝑚 exp (𝑗
2𝜋𝑧
Λ𝑚
) + 𝑐. 𝑐𝑚 .. (2.21) 
Λ𝑚 , named as the m
th-order Fourier subgrating, is expressed as: 
 
1
Λ𝑚
=
𝑚
𝑃
+
1
Λ0
. (2.22) 
In this case, Λ0 can be named as the “seed grating”.  
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Figure 2.5: The reflectivity spectrum of (a) a uniform Bragg grating, and (b) a uniformly-
sampled Bragg grating. 
By using the TMM, we can calculate the optical reflectivity spectra of uniform Bragg 
gratings and sampled Bragg gratings by Matlab codes. Figure 2.5(a) shows the typical 
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reflectivity spectrum of a uniform Bragg grating, which has a main reflectivity peak at the 
Bragg wavelength (0th-order reflectivity peak). However, a uniformly-sampled Bragg 
grating has higher-order reflectivity peaks, as shown in Fig. 2.5(b). The ±1st-order 
reflectivity peaks are chosen as working channels for DFB and DBR lasers. Other higher-
order reflectivity peaks are relatively weak, and can be neglected in practical applications. 
2.3.2 Sampled Bragg Gratings with Equivalent Phase Shift 
 
Figure 2.6: Schematic of the uniform Bragg grating with a π-phase shift in the centre. 
It is known that DFB semiconductor lasers based on uniform Bragg gratings have the 
problem of two-mode lasing because of the mode degeneracy [132, 137]. To achieve single-
mode lasing, the solution is to introduce a π-phase shift (also called a “quarter-wavelength 
phase shift”) in the centre, as shown in Fig. 2.6. The π-phase shift can be achieved by shifting 
the right half of the uniform Bragg grating by half of the grating period. The phase-shifted 
Bragg grating can be described by the equations: 
 ∆𝑛(𝑧) =
1
2
∆𝑛{
exp (𝑗
2𝜋𝑧
𝛬0
) + 𝑐. 𝑐⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(0 ≤ 𝑧 < 𝑧0)
exp (𝑗
2𝜋(𝑧+𝛬0/2)
𝛬0
) + 𝑐. 𝑐⁡⁡⁡⁡⁡(𝑧 > 𝑧0)⁡⁡
, (2.23) 
which is 
 ∆𝑛(𝑧) =
1
2
∆𝑛{
exp (𝑗
2𝜋𝑧
𝛬0
) + 𝑐. 𝑐⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(0 ≤ 𝑧 < 𝑧0)
exp (𝑗
2𝜋𝑧
𝛬0
+ 𝑗𝜋) + 𝑐. 𝑐⁡⁡⁡⁡⁡⁡⁡⁡(𝑧 > 𝑧0)⁡⁡
. (2.24) 
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z0 is the centre position of the uniform Bragg grating. Figure 2.7 shows the reflectivity 
spectra of a uniform Bragg grating and a π-phase shift Bragg grating with the same grating 
period. For a π-phase shift Bragg grating, we can see that the reflectivity is zero at the Bragg 
wavelength, in the centre of the reflectivity spectrum. By introducing the π-phase shift, 
single-mode lasing will occur at the Bragg wavelength. 
 
Figure 2.7: The reflectivity spectra of a uniform Bragg grating and a π-phase shift Bragg 
grating with the same grating period. 
To achieve various types of functionalities, superstructure gratings have been well developed 
for a long time, examples of which are multiple grating sections with different grating 
periods, apodization, chirps, phase shifts, or sampling structures [138]. These specially-
designed gratings have been used in many applications, including fibre Bragg gratings for 
sensing [139, 140], tunable semiconductor lasers with a broad tuning range [141-143], etc. 
A further technique, called the “equivalent phase shift” (EPS) technique, was developed by 
Prof. Xiangfei Chen group [144, 145]. The EPS technique was based on the reconstruction-
equivalent-chirp (REC) technique. The REC technique is powerful and can realize complex 
gratings with either phase shifts, chirps or apodization by designing sampled structures 
without changing the seed Bragg grating period. The REC technique was first applied to 
fibre Bragg gratings for passive devices, including dispersion compensation [146-149], 
optical code division multiple access encoders-decoders [150, 151], high channel-count 
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comb filters [152], etc. Then, the EPS technique was successfully applied to make novel 
distributed feedback fibre lasers and high quality of single-mode lasing was obtained [153-
155]. Further, this technique was applied to fabricate DFB semiconductor lasers [156, 157], 
and a wide variety of DFB diode lasers have been produced.  
Here, the basic theory of the EPS technique will be introduced. If we shift the sampling 
periods at z0 in the sampling structure of sampled Bragg gratings by ΔP, according to 
equation (2.20) and (2.23), the sampling structure can be expressed as: 
 ∆𝑛𝑠(𝑧) =
1
2
∆𝑛{
∑ 𝐹𝑚 exp (𝑗
2𝑚𝜋𝑧
𝑃
+ 𝑗
2𝜋𝑧
Λ0
)𝑚 + 𝑐. 𝑐⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(0 ≤ 𝑧 < 𝑧0)
∑ 𝐹𝑚 exp (𝑗
2𝑚𝜋𝑧
𝑃
+ 𝑗
2𝜋𝑧
Λ0
+ 𝑗𝜃)𝑚 + 𝑐. 𝑐⁡⁡⁡⁡⁡⁡⁡⁡⁡(𝑧 > 𝑧0)⁡⁡
, (2.25) 
where θ is the “equivalent phase” and has the value of 
 𝜃 =
2𝑚𝜋∆𝑃
𝑃
. (2.26) 
The equivalent phase has the same effect as the “real phase”. That is why we call it the 
equivalent phase shift technique. When the shift of the sampling periods is half of the 
sampling period (ΔP = P/2), we get θ = mπ. Apparently, the equivalent phase θ is related to 
the order of the Fourier series m. The duty cycle of the sampling periods is chosen as 0.5 to 
obtain the largest coupling efficiency for the ±1st-order reflection peaks [158]. In this 
circumstance, when m is odd, we can obtain an equivalent π-phase shift, however, when m 
is even, there is no phase shift at all. Figure 2.8 shows the reflectivity spectra of a uniformly-
sampled Bragg gratings with/without an equivalent π-phase shift. Transmission windows 
indeed appear in the centre of the ±1st-order reflectivity spectra. Comparing with the 
transmission window in the reflectivity spectrum of a π-phase shift Bragg grating, as shown 
in Fig. 2.6, single-mode lasing of DFB semiconductor lasers are expected to be achieved by 
introducing equivalent π-phase shifts. 
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Figure 2.8: The reflectivity spectra of the uniformly-sampled Bragg gratings with/without an 
equivalent π-phase shift. 
2.4 Sampled Bragg Gratings with Phase-shifted Sections 
Firstly, let us consider the sampled Bragg gratings shown in Fig. 2.4(b). From Fig. 2.5, we 
can see that the reflectivity of the ±1st-order subgratings of the sampled Bragg gratings 
decreases significantly compared to a uniform grating. If we want to use the ±1st-order 
subgratings as working channels, there will be a related decrease of coupling coefficient, κ, 
which will influence single-mode lasing of DFB semiconductor lasers. Specifically, by 
calculating the Fourier coefficients, we can draw the conclusion that the κ associated with 
the ±1st-order subgratings are only 1/π (~ 0.32) times that of uniform Bragg gratings, which 
may be not sufficient for a DFB or DBR semiconductor laser to lase. Such a large reduction 
in κ is not desirable; either the cavity length of the laser (L) has to be increased to maintain 
an optimum κL product at the expense of an increase in threshold current, or κL is reduced 
which will affect the stability of SLM operation. Furthermore, although in this sampling 
structure the 0th-order reflection strength is reduced to half of that of a uniform grating (no 
sampling), it remains the strongest reflection and its presence may affect the operation of the 
working channels.  
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Designs of SBGs that incorporate phase-shifted sections can overcome these defects, by 
simultaneously enhancing the effective κ of the ±1st-order channels and eliminating the 0th-
order reflection. A technique called the “Multiexposure Technique” has successfully been 
used to make distributed feedback fibre lasers [159]. The general idea for this technique is 
to fill the blank parts of the sampling structures (as shown in Fig. 2.4(b)) with phase-shifted 
sections. For distributed feedback fibre lasers, the multiexposure technique can be realized 
by several steps’ exposure for different sections of gratings in every sampling period. The 
phase shifts between different sections were achieved by simply moving the position of the 
fibre longitudinally. However, to achieve π-phase shifts for DFB/DBR semiconductor lasers, 
a shift of half of the grating period is only about one hundred nanometres, which can hardly 
be realized mechanically. In this thesis, we apply this technique to DFB and DBR 
semiconductor lasers by using electron beam lithography (EBL) for the first time. New 
designs of sampled Bragg grating structures will be introduced for novel semiconductor 
lasers. 
2.4.1 Structures for High Coupling Coefficients 
 
Figure 2.9: Grating structures of (a) C-SBG, (b) 2PS-SBG, (c) 3PS-SBG and (d) 4PS-SBG. P is 
the sampling period [160]. 
The principle of introducing phase-shifted sections into SBGs is illustrated in Fig. 2.9, where 
various designs are shown. Figure 2.10 shows the corresponding reflectivity spectra of these 
structures. Figure 2.9(a) shows the design of a conventional SBG (C-SBG), which is the 
same as the structure shown in Fig. 2.4(b). With a duty cycle of 0.5, the reflectivity spectrum 
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of a C-SBG is illustrated in Fig. 2.10(a). The theoretical analysis and simulation results were 
already presented in Reference [159]. Figure 2.9(b) illustrates an SBG with two phase-
shifted sections in a single sampling period (2PS-SBG), in which a π phase-shifted seed 
grating fills a half of the sampling period where the grating would be absent in a C-SBG. In 
a 2PS-SBG structure, the 0th-order reflection disappears and the effective κ of the ±1st-order 
channels is doubled compared to the C-SBG, with a value of 2/π (~ 0.64) times that of a 
uniform grating, as shown in Fig. 2.10(b). We can further divide the sampling period into 
more equal sections to obtain progressively higher effective κ. If we divide one sampling 
period P into m equal sections (m > 2), with length of P/m in every section, the phase shift 
between adjacent sections can be set as ±2π/m. When the phase shift is −2π/m, simulation 
shows the κ of the −1st-order channel will be enhanced, with both the 0th-order and 1st-order 
channels suppressed, and vice versa. Figure 2.9(c) shows an SBG with three phase-shifted 
sections (3PS-SBG) and Fig. 2.9(d) illustrates an SBG with four phase-shifted sections (4PS-
SBG), the effective κ of which are calculated to be about 0.83 and 0.90 times that of a 
uniform Bragg grating respectively. The reflectivity spectra of 3PS-SBG and 4PS-SBG are 
shown in Fig. 2.10(c) and Fig. 2.10(d) respectively, with the respective phase shift of −2π/3 
and −2π/4.  
 
Figure 2.10: Reflectivity spectra of (a) C-SBG, (b) 2PS-SBG, (c) 3PS-SBG and (d) 4PS-SBG. 
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Combined reflectivity spectra of the four sampling structures with phase-shifted sections are 
illustrated in Fig. 2.11. Focusing on the −1st-order reflectivity peaks, the reflection peak 
becomes higher with an increasing number of divided sections, which means higher effective 
κ is achieved. For 3PS-SBG and 4PS-SBG, the effective κ is very close to that of the uniform 
grating. To obtain single-mode lasing, it is straightforward to introduce equivalent π-phase 
shifts into the sampling structures by shifting the sampling periods by half of the sampling 
period in the centre of the sampling structures. By applying the EPS principles, DFB diode 
lasers with different lasing wavelengths can be realized with high precision by only changing 
the sampling periods. 
 
Figure 2.11: Combined reflectivity spectra of C-SBG, 2PS-SBG, 3PS-SBG and 4PS-SBG. 
2.4.2 Structures for Dual-mode Lasers 
If we take a look at Fig. 2.10(b), the reflectivity spectrum of 2PS-SBG, it is natural to come 
up with the idea to make dual-mode lasers based on this structure. In this structure, if the 
±1st-order channels move closer, the laser may obtain stable lasing at two wavelengths at the 
same time. Hence, dual wavelength lasing in a single cavity could be achieved. By designing 
the wavelength spacing to be several nanometres, THz signals can be generated by 
photomixing with the two lasing wavelengths.  
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From equation (2.22), we can obtain the grating periods Λ±1 for the ±1
st-order subgratings 
as: 
 
1
Λ±1
=
1
Λ0
∓
1
𝑃
, (2.27) 
which is 
 Λ±1 =
𝑃Λ0
𝑃∓Λ0
≈⁡Λ0 ±
Λ0
2
𝑃
. (2.28) 
Generally, the sampling period P is much larger than Λ0. According to equation (2.3), we 
can calculate the wavelength spacing Δ𝜆±1 between the ±1
st-order reflectivity peaks: 
 Δ𝜆±1 ≈ ⁡4𝑛𝑒𝑓𝑓
Λ0
2
𝑃
. (2.29) 
By simply adjusting the sampling period P, different wavelength spacings can be achieved.  
 
Figure 2.12: The reflectivity spectrum of 8 nm wavelength spacing between ±1st-order 
channels. 
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For example, Figure 2.12 shows the reflectivity spectrum of an 8 nm wavelength spacing, 
which corresponds to 1 THz in frequency. 
To achieve single-mode lasing for each channel, an EPS can be introduced in the centre of 
the sampling structure. Figure 2.13 shows the corresponding reflectivity spectrum with an 
EPS where transmission windows appear in the centre of the ±1st-order channels at the same 
time. Hence, two wavelengths of the ±1st-order channels lasing at the same time could be 
achieved. 
 
Figure 2.13: The reflectivity spectrum of 8 nm wavelength spacing between ±1st-order 
channels with EPS. 
2.4.3 Structures for Mode-locked Lasers 
Sampling structures of sampled-grating distributed Bragg reflector (SGDBR) are widely 
used in tunable semiconductor lasers, since a comb-like optical filter can be generated [161, 
162]. By supporting multiple wavelength lasing, SGDBR structures can also be applied to 
make mode-locked lasers. The conventional SGDBR (C-SGDBR) structure is similar to the 
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C-SBG structure, only with the difference of the duty cycle. To support multiple wavelength 
lasing, the duty cycle r (defined as the length of the gratings in each sampling period divided 
by the length of the sampling period) needs to be low enough to make the optical reflectivity 
spectrum as uniform as possible. However, the duty cycle r cannot be too small, or the 
effective κ will not be large enough to support multiple wavelength lasing. Figure 2.14 shows 
the sampling structure for a C-SGDBR.  
 
Figure 2.14: The sampling structure of a C-SGDBR. P is the sampling period and r is the 
duty cycle. 
 
Figure 2.15: The reflectivity spectrum of a C-SGDBR, with a duty cycle r of 0.15. 
Using the same parameters as in Fig. 2.5, Figure 2.15 shows the simulated reflectivity 
spectrum of a C-SGDBR, with the duty cycle r of 0.15. Compared with Fig. 2.5 (b), the 
reflectivity peaks drop by a factor of 0.3, which means that the effective κ is much lower and 
is not suitable for making a high-performance mode-locked semiconductor laser. To 
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overcome this problem, phase-shifted sections could be introduced into the sampling 
structures. The new structure is named as a π phase-shifted SGDBR (PPS-SGDBR) 
structure. Figure 2.16 shows the sampling structure of a PPS-SGDBR with the duty cycle of 
r (0 < r ≤ 0.5) in a sampling period. Here, the duty cycle, r, is defined as the length of the 
uniform gratings in each sampling period divided by the length of the sampling period. 
Hence, the percentage of the length of the π phase-shifted gratings in each sampling period 
is 1 − r. 
 
Figure 2.16: The sampling structure of a PPS-SGDBR. 
 
Figure 2.17: The reflectivity spectra of a PPS-SGDBR, with the duty cycle r of (a) 0.1, (b) 0.2, 
(c) 0.3 and (d) 0.4. 
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Using the TMM, simulated by Matlab codes, Figure 2.17 illustrates the reflectivity spectra 
of a PPS-SGDBR, with duty cycles of 0.1, 0.2, 0.3 and 0.4 respectively. With the increase 
of the duty cycle, the reflectivity peak of the 0th-order channel drops while these of the ±1st-
order channels rise. To make the reflectivity spectrum as uniform as possible, the duty cycle 
is chosen as 0.25 and the corresponding reflectivity spectrum is shown in Fig. 2.18. The 
reflectivity spectrum is uniform enough to make a mode-locked laser with a THz repetition 
frequency. The coupling coefficient increases as expected, with the effective κ about 3 times 
as large as that of the spectrum shown in Fig. 2.15. The same as for the design of dual-mode 
semiconductor lasers, different wavelength spacings can be achieved by simply changing 
the sampling periods for mode-locked lasers based on SGDBR structures. 
 
Figure 2.18: The reflectivity spectrum of a PPS-SGDBR, with the duty cycle r of 0.25. 
2.5 Chapter Summary 
In this chapter, the theory and design of the SBGs were introduced including novel SBG 
structures with phase-shifted sections. The theory of the uniform Bragg grating was 
introduced first, which is the basis for complex Bragg gratings. Then the transfer matrix 
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method was described in detail and it was shown to be a powerful tool for the simulation of 
various kinds of Bragg gratings. The transfer matrix for the phase shift in the grating 
structures was also identified. For complex gratings, the gratings were divided into many 
sub-sections and each section could be described by a transfer matrix. Then the basic theory 
of SBGs was introduced. Higher orders of reflectivity peaks appear on both sides of the seed 
grating’s reflectivity peak by introducing sampling structures. An equivalent phase shift can 
easily be introduced in the sampling structure for single-mode lasing of DFB lasers and it 
has the same effect as a “real” phase shift. However, the coupling coefficient decreases 
significantly for the C-SBG. To overcome this problem, novel SBGs with phase-shifted 
sections were introduced. This is an effective way to increase the coupling coefficient, which 
is beneficial for single-mode lasing of DFB semiconductor lasers. New SBG structures for 
dual-mode lasers were also introduced based on the 2PS-SBG structure. These dual-mode 
lasers can be used as the laser sources for continuous-wave THz signals generated by 
photomixing. Additionally, new SBG structures for mode-locked lasers were designed. 
Through simulation with the TMM, an optimized duty cycle of 0.25 was identified to gain a 
reasonably uniform reflectivity spectrum. The new sampled Bragg grating designs 
introduced here are expected to be used to make novel mode-locked semiconductor lasers to 
generate THz pulses. 
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Chapter 3 
Materials and Fabrication 
The semiconductor lasers fabricated in this thesis are all based on commercial multiple 
quantum well (MQW) epitaxial wafers and the wafers were bought from the IQE Company. 
The design concepts for DFB lasers are based on ridge waveguides with sidewall gratings, 
which are easy to fabricate and no regrowth is required. Ridge waveguides offer a versatile 
route to device integration that eliminates the oxidation and contamination problems 
associated with regrowth. Compared to buried heterostructure devices, the threshold current 
of ridge waveguides is higher because of the wider waveguide and current spreading. 
However, ridge waveguide devices generally deliver higher optical powers, which is an 
important consideration for transceivers in passive optical networks (PONs). The devices 
were fabricated in the James Watt Nanofabrication Centre (JWNC) at the University of 
Glasgow [163], which is a nanofabrication platform offering the necessary state-of-the-art 
facilities. The JWNC has a vast number of facilities and its staff are professional, which is 
beneficial for making devices with good performance. 
3.1 MQW Wafer Structures 
The design of wafer structures has a strong relationship with the material, since different 
alloys have different electrical and optical characteristics, e.g. refractive index, bandgap, etc. 
Wafer structures need to be optimized according to the applications. For example, if high 
frequency modulation is the target, more quantum wells are expected to be used, while for 
narrow linewidth lasers, a low optical confinement factor is essential, which means that 
fewer quantum wells are the choice [164]. The different alloys chosen for different layer 
structures will also have an impact on the geometrical characteristics of the devices, which 
will largely affect the far-field patterns (FFPs) of the output optical modes. For 
telecommunications devices, we made the choice of a material with its wavelength peak of 
the gain spectrum in the C-band wavelength range (1530-1565 nm). After so many years of 
development, the growth techniques for semiconductor lasers based on InP are mature. The 
material systems of InGaAsP/InP and AlGaInAs/InP are two general choices. To let the two 
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quaternary alloys be epitaxially grown on InP, the following relations need to be fulfilled for 
lattice matching: for In1-xGaxAsyP1-y: x ≈ 0.46 y and for AlGaInAs = 
(Al0.48In0.52As)z(Ga0.47In0.53As)1-z [165, 166]. Within the two quaternary alloy systems, for 
the same bandgap, the electron and hole effective masses, the refractive index and the room 
temperature Hall mobilities are very similar [167]. The major difference is the band offsets, 
as shown in Fig. 3.1. It can be calculated that the ratios between the conduction band offset 
and the bandgap difference are 0.40 for In0.53Ga0.47As/InP and 0.75 for 
In0.53Ga0.47As/Al0.48In0.52As. As a result, AlGaInAs/InP alloys have better confinement for 
electrons, and a consequence offer better high-temperature performance of lasers [168]. 
Here, AlGaInAs/InP alloys are chosen for the semiconductor diode lasers. 
 
Figure 3.1: Band offsets between InP lattice-matched materials [167]. 
Figure 3.2 illustrates the wafer structure used, which uses the AlGaInAs/InP material system. 
The commercially available 2-inch IQE five quantum well (QW) wafer structure has a 
wavelength peak in the gain spectrum at around 1550 nm and is grown by MOCVD, 
consisting of five compressively strained (12000 ppm) 6 nm thick Al0.07Ga0.22In0.71As wells 
with six tensilely strained (−3000 ppm) 10 nm thick Al0.224Ga0.28In0.49As barriers. The QWs 
and barriers are situated between two 60 nm AlGaInAs graded index separate confinement 
heterostructure (GRINSCH) layers, which prevent electrons and holes escaping from the 
QW region. A heavily-doped 800 nm N-type InP buffer layer is used as the lower cladding 
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and a 1600 nm P-type InP layer is used as the upper cladding, which is also heavily doped. 
Just below the InP upper cladding, a 20 nm wet etch stop layer of In0.85Ga0.15As0.33P is 
introduced for better control of etching depth. On top of the structure, the material of the 200 
nm contact layer is chosen as heavily doped (1.5 × 1019 cm-3) InGaAs for better ohmic 
contact. All layers (except the wells and barriers) are lattice-matched to the highly-doped N-
type InP substrate and the wafer has a thickness of 360 μm. Zn and Si are used as the P-type 
and N-type dopants respectively, and Figure 3.3 shows the energy band diagram for the 
conduction bands of all the layers. 
 
Figure 3.2: IQE five quantum well wafer structure. 
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Figure 3.3: Energy band diagram for the conduction bands of the layers. 
Figure 3.2 also shows the refractive index of each layer and the refractive index distribution 
is designed to be symmetric from top to bottom centred on the QW region. The refractive 
index of the QW region is the highest while InP has the lowest refractive index on the upper 
and lower side of the QWs, which leads to optical confinement vertically. To achieve optical 
confinement laterally, ridge waveguides need to be introduced. 
3.2 Ridge Waveguides 
3.2.1 Waveguide Design 
Lateral optical confinement can be realized by introducing a shape-induced refractive index 
difference laterally. Shape-induced refractive index differences are achieved by introducing 
ridge waveguides. There are two main kinds of such index guiding: shallow-etched and 
deep-etched ridge waveguides, as shown in Fig. 3.4.  
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Figure 3.4: Schematic of the cross-section of a (a) shallow-etched ridge waveguide and (b) 
deep-etched ridge waveguide, where neff is the effective refractive index of the optical mode 
and nc is the refractive index of “cladding” layer. 
For shallow-etched waveguides, the material is etched to a depth between the original 
surface and the upper edge of the active region (etching down for 1920 nm in this 
circumstance based on the wafer structure, as shown in Fig. 3.2), while deep-etched 
waveguides are etched through the active region. After the ridge waveguides were etched, a 
SiO2 layer was deposited and covered the ridge waveguides for protection and insulation. 
Deep-etched ridge waveguides have a stronger optical confinement than shallow-etched 
ridge waveguides. Deep-etched ridge waveguides are preferred for making passive devices, 
since better optical confinement leads to a smaller size of the devices [169], also reducing 
capacitance for modulators. However, semiconductor lasers are fabricated based on shallow-
etched ridge waveguides because defects can be easily introduced into QWs when etching 
through the active region, which would make the diode lasers not reliable. On the other hand, 
as the etching does not penetrate into the active region, the shallow-etched waveguides have 
a reduced carrier recombination rate at the sidewalls and less optical scattering loss will be 
introduced by the sidewall roughness. In this thesis, all the fabricated semiconductor lasers 
are based on shallow-etch ridge waveguides. 
53 
 
3.2.2 Optical Modes 
For a DFB laser with a compressively strained QW structure, only the TE modes will lase 
[10]. Moreover, the number of the guided TE modes depends on the width of the ridge 
waveguide. When the ridge waveguide is narrow enough, only the fundamental TE mode 
will lase, with higher-order optical modes suppressed. The simulation for optical modes was 
carried out by Lumerical MODE Solutions, based on the ridge waveguides etched to a depth 
of 1920 nm. In this software, the Finite Difference Eigenmode (FDE) solver is used to 
calculate the mode field profile and effective index by solving Maxwell’s equations on a 
cross-sectional mesh of the waveguide. The waveguide modal effective index versus ridge 
width for the fundamental, 1st and 2nd TE modes was simulated at the wavelength of 1550 
nm, as shown in Fig. 3.5. For a specific TE mode, the modal effective index increases with 
the increase of ridge width. For the same ridge width, high-order modes have a lower 
waveguide modal effective index. From this figure, we can see that only the fundamental 
mode is supported when the ridge width is 2 μm and below. Considering the fabrication 
tolerance, the ridge width is chosen as 2.5 μm in this work for semiconductor lasers. Only 
the fundamental TE mode was observed to lase and higher order TE modes were not 
supported, because they experience higher loss than that of the fundamental TE mode. 
 
Figure 3.5: Waveguide modal effective index versus ridge width for the fundamental, 1st- and 
2nd-order TE modes at 1550 nm. 
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Figure 3.6 shows the simulated fundamental optical mode for a shallow-etched ridge 
waveguide for the 2 μm wide, 1920 nm deep ridge. The single optical mode is sufficiently 
confined by the shallow-etched ridge waveguide. The modal effective index is calculated to 
be 3.185 for this structure based on the wafer structure shown in Fig. 3.2. 
 
Figure 3.6: Simulated fundamental optical mode for a shallow-etched ridge waveguide for 
the 2 μm wide, 1920 nm deep ridge. 
3.2.3 Curved Ridge Waveguides 
For as-cleaved DFB diode lasers, optical reflections occur at the cleaved facets (interfaces 
of the material and the air). FP modes will therefore be generated by the optical reflections, 
leading to undesirable effects on SLM operation for DFB lasers. Antireflection coatings can 
be used to reduce the optical reflections by depositing dielectric films. This method requires 
high-precision control of the refractive index and thickness of the layers of the dielectric 
layers. In this thesis, to make the fabrication easier, curved ridge waveguides are applied to 
eliminate facet reflections. 
55 
 
 
Figure 3.7: Schematic of the curved ridge waveguide. 
For shallow-etched ridge waveguides, curved ridge waveguides with a small curvature can 
be applied to eliminate facet reflections, while maintaining sufficient optical confinement. 
Figure 3.7 shows the schematic of a curved ridge waveguide with a tilt angle of 10° at the 
output facet, which was used for the real design of the semiconductor diode lasers. The 
length of the ridge waveguide horizontally was 300 µm and the radius was designed as 1730 
µm. The tilt angle of 10° produced an optical transmission angle of about 33° calculated by 
Fresnel equations [170]. In this circumstance, the optical reflections from the facets will not 
be reflected back into the ridge waveguide, reducing optical reflections at the facets 
dramatically. The small tilt angle is applied to avoid optical mode propagating loss in a bent 
ridge waveguide. The tilt angle can further to be designed as 17.4°, which is the Brewster's 
angle. By applying the Brewster’s angle, the light is transmitted perfectly with a particular 
polarisation, with no reflection. A tilted lensed fibre is essential to achieve maximum output 
light coupling with bent ridge waveguides. 
3.3 Electron Beam Lithography 
 
Figure 3.8: The overall e-beam lithography process flow. 
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During the laser fabrication process, several lithography steps for pattern transfer are 
required. To achieve high precision of sub-micron pattern transfer, electron beam 
lithography (EBL) is preferred over photo lithography. EBL uses electron beams for 
exposure rather than the ultraviolet light used by photo lithography. EBL is widely used for 
researchers world-wide to realize nanostructures. The high precision EBL tool available in 
the JWNC is a Vistec VB6-UHR-EWF 100 keV machine. This machine can produce a 
minimum electron beam spot size of 4 nm, and the minimum pattern resolution is 0.5 nm, 
which has a writeable field size of 0.5 mm × 0.5 mm. Capable of producing sub 10 nm 
feature sizes, the electron beam is aligned by magnetic coils and e-beam scanning is 
controlled by a computer programmed with the designed pattern. The cavity length with 
gratings in this thesis can be as long as 1.2 mm. Because the writeable field size of the VB6 
is only 0.5 mm × 0.5 mm, there will be stich errors between adjacent writing fields. These 
stich errors will introduce additional phase shifts in the gratings. However, the stich error is 
normally less than 10 nm, which will not have a big influence on the single mode operation 
of diode lasers compared to the relatively large grating periods (about 240 nm). Later, from 
the experimental results, the high precision of lasing wavelengths will also show that the 
influence of the stich errors on the lasing wavelengths was not observed. The gratings could 
also be realized by holography, where are no stich errors. However, holography can only 
generate the same grating periods on the whole sample, and grating periods cannot be 
changed independently at different positions. Here we choose the e-beam machine to write 
the gratings so that different grating periods could be achieved precisely at different positions 
on the sample. 
The overall EBL process flow is shown in Fig. 3.8. Firstly, patterns are designed by using 
professional computer-aided design (CAD) software, e.g. L-Edit. After the pattern is sent to 
the e-beam machine, a highly focused electron beam writes the pattern on the sample surface, 
which was pre-coated with an electron sensitive resist. The sample is then dipped into a 
specific developer to reveal the pattern. The patterned resist can be used as a mask for etching 
(wet etch or dry etch) or lift off, and the pattern will then be transferred to the sample. 
57 
 
 
Figure 3.9: Patterning with positive or negative tone resists. 
There are generally two types of e-beam resists: positive and negative tone. The positive 
tone resist that we use is polymethyl methacrylate (PMMA) and the negative tone resist used 
is hydrogen silsesquioxane (HSQ), both of which were coated on the surface of the sample 
by spinning the sample with the resist at a certain spinning speed according to the resist 
thickness. The difference between positive tone and negative tone resists is shown in Fig. 
3.9. For the negative tone resist, the area exposed to electron beams will remain after 
development, while for the positive tone resist, such areas will be removed (dissolving in the 
developer). Whether positive tone or negative tone resist is chosen depends on feature sizes, 
as well as the cost, since e-beam writing is time-consuming. Although HSQ produces better 
precision, it is much more expensive than PMMA. In this work, HSQ is only used for ridge 
waveguide definition as grating periods of about 240 nm are defined in this step. 
Throughout this work, an acceleration voltage of 100 kV was used for EBL. The exposure 
dose is an important parameter that describes the required charge per unit area to expose the 
resist and is measured in μC/cm2. To determine the optimum exposure dose, electron 
scattering in the material needs to be taken into consideration. A modification of the 
exposure dose distribution on a sample is essential, which is called proximity correction. A 
commercial software called Beamer is used for the proximity correction calculation. Figure 
3.10 shows the exposure dose distribution for a 20 μm square before and after proximity 
correction respectively. Before proximity correction, the exposure dose is the same 
everywhere. After proximity correction, the square is divided into many small rectangles, 
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which have different values of exposure doses. In the middle of the square, the exposure 
dose decreases while the dose increases in the edge areas, because the middle areas are 
exposed to more scattering electrons than the edge areas. Proximity correction is very useful 
to achieve patterns with better shapes. 
 
Figure 3.10: The exposure dose distribution for a 20 μm square (a) before and (b) after 
proximity correction. 
3.4 Fabrication Steps 
Main fabrication steps will be introduced in this section. The fabrication process flow can 
be generally divided into 8 steps: 
1) Pattern design 
2) Sample preparation 
3) Marker definition 
4) Waveguide isolation  
5) Waveguide definition 
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6) Contact Window Opening 
7) Metallisation for P-contact 
8) Thinning and cleaving 
This process flow can be applied to most of the semiconductor lasers fabricated in the JWNC, 
based on ridge waveguides. However, the detailed process will be adjusted according to 
specific material, device design as well as the wafer structure. The 8 fabrication steps will 
be introduced in the following sections. 
3.4.1 Pattern Design 
Before carrying out the fabrication, designs of masks for each step of EBL need to be 
prepared. The commercial software, L-Edit, was used for pattern design in this thesis and 
Fig. 3.11 shows the user interface of this software. In this software, different layers are used 
for different steps of lithography. The grid resolution can be manually set and 0.5 nm was 
chosen for the patterns designed in this thesis.  
 
Figure 3.11: The user interface of L-Edit. 
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Figure 3.12: A single sample cleaved. 
3.4.2 Sample Preparation 
A 2-inch wafer was bought from the IQE Company, based on the wafer structure shown in 
Fig. 3.2. Before fabrication, the whole wafer was cleaved into small pieces for fabrication of 
different devices. A diamond tip was used for cleaving and Fig. 3.12 shows a single sample 
cleaved, with a dimension of about 11 mm × 12 mm. The upper edge of this sample is curved 
because this sample is close to the edge of the wafer. Samples were kept in small plastic 
boxes during the fabrication.  
Cleaning is always essential before each step of the fabrication process. The aims are to 
remove all organic and inorganic contaminants. The standard recipe for cleaning is as 
follows. The sample was first dipped into Acetone (CH3COCH3), then into Isopropyl Alcohol 
(IPA, C3H8O) and finally into Reverse Osmosis (RO) water, five minutes for each solvent. 
All of these steps are carried out in a water bath at a temperature of 50 °C. During the 
cleaning, ultrasonic cleaning could be introduced for better cleaning effects at room 
temperature. After the final step of RO water cleaning, the sample was blown dry using a 
nitrogen gun. After the solvent-based cleaning, oxygen ashing could be applied to remove 
any remaining organic contaminant. 
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3.4.3 Marker Definition 
Alignment markers were defined first for multiple-step lithography, which were used to 
guarantee the correct alignment between the subsequent lithography steps. Clearly-defined 
markers are particularly important for EBL, since the alignment process is automatic and 
requires well-defined markers with high contrast. Both etched markers and metallised 
markers can be used for EBL. Metallised markers were chosen here to achieve a higher 
contrast. 
 
Figure 3.13: The process flow of lift-off technique. 
The lift-off technique is widely used for metallisation. During the whole fabrication 
procedure, this method was carried out twice, including p-contact layer deposition. Figure 
3.13 shows the process flow of the lift-off technique for EBL. Two different PMMA layers 
were spun on the sample, with the first (R1) and second (R2) layer thicknesses being 1.2 μm 
and 110 nm respectively. After spinning the first layer of PMMA, the sample was baked at 
180 °C for 30 minutes in an oven. Then the second layer of PMMA was spun and the sample 
was baked for another 90 minutes also at 180 °C in the oven to remove the solvents in the 
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resists, following which the sample was sent to the e-beam machine. The second layer’s 
sensitivity to electron beams is lower than that of the first layer because of its higher 
molecular weight, which results in an undercut profile of the resist after development. After 
exposure by electron beams, development was carried out to unveil the pattern. The 
developer is a mixture of methyl isobutyl ketone (MIBK) and IPA, the ratio of which 
depends on the exposure dose, resist thickness and feature size. The ratio of MIBK: IPA 
chosen here was 1:1. The sample was dipped in MIBK: IPA (1:1) for 30 seconds at 23 °C 
and then rinsed in IPA at room temperature for 15 seconds. After blowing dry, the sample 
was sent to the metal deposition machine. The undercut profile will prevent the resist 
sidewalls from being coated by the highly-directional metal deposition, as shown in Fig. 
3.13(c). The sample is then placed in hot acetone (water bath at 50 °C) for about 20 minutes, 
and the PMMA and the overlying metal layer are removed, leaving metal deposited in the 
areas where we wanted it to be, as shown in Fig. 3.13(d). 
 
Figure 3.14: The micrograph of the sample after development. 
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Figure 3.15: A micrograph of the markers after lift-off process. 
Figure 3.14 shows a micrograph of a sample after development of markers with the resist 
layers removed at the places exposed to electron beams. Since markers were placed around 
the design patterns for DFB lasers, the markers were mostly close to the edge of the sample. 
It can be seen from this micrograph that the remaining resist is colourful, which comes from 
a light interference pattern, because the thickness of the resist is not uniform in the edge area 
of the sample. 
The metal deposited for the markers contained two layers: the first layer of Nichrome (NiCr) 
and the second layer of Gold (Au), with thicknesses of 10 nm and 100 nm respectively. Metal 
deposition in the JWNC is performed by electron-beam evaporation. Metal targets are heated 
by electron beams and metal vapour is generated. When the metal vapour reaches the sample 
surface, metal deposition is realized. Figure 3.15 shows a micrograph of the markers after 
the lift-off process. Near the left edge of the sample, an Au bar was aligned parallel with the 
left edge of the sample, which guaranteed that cleaving lines in the final step would also be 
parallel to the crystallographic axis. The alignment for EBL is carried out automatically 
using the centre positions of the crosses and markers. The cross was used for coarse 
alignment while the small marker was used for fine alignment. The camera in the EBL 
machine would first find the centre position of the cross and then check the centre positions 
of the markers. The width of the cross branch was 50 μm and the small marker was a square 
64 
 
with width of 20 μm. Each step of alignment would require one cross and four markers at 
the four corners of the sample in total. The cross was used to help to find the small markers. 
Four markers were used for precise control of rotational and translational alignment. Because 
of damage, each cross or marker were only used once to ensure sharp contrast of the image 
taken by the e-beam machine. Therefore, it is always wise to put sufficient crosses and 
markers when designing the pattern at the start of the fabrication process. 
3.4.4 Waveguide Isolation 
For complex designs of semiconductor lasers with multiple electrodes, electrical isolation is 
essential so that different electrodes can work independently. The DFB semiconductor lasers 
in this thesis were designed with at least two electrodes and waveguide isolation was carried 
out between two adjacent electrode pads. The basic solution is to remove the highly-doped 
contact layers on top of the wafer structure, shown in Fig. 3.2, which comprise InGaAs (200 
nm) and InGaAsP (50 nm) in this case. Waveguide isolation was carried out before 
waveguide definition throughout this thesis so that the process could be monitored. Reactive 
Ion Etching (RIE) was used to remove the contact layers. 
 3.4.4.1 Reactive Ion Etching 
After patterning resist masks, the process of etching was carried out to transfer patterns from 
resists to the surface of samples. Compared with wet etching, which employs liquid based 
etchants [171], dry etching has the advantages of being anisotropic, with less mask 
undercutting and greater reproducibility. Dry etching employs a chemically and physically 
reactive plasma to remove the desired material.  
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Figure 3.16: A diagram of a common RIE set-up. A RIE consists of two electrodes (1 and 4) 
that create an electric field (3) that accelerates ions (2) toward the sample surface (5) [172]. 
Figure 3.16 illustrates a typical RIE set-up, which takes place in a cylindrical chamber 
pumped to a high vacuum (a few 10-3 mbar). A RIE system has two parallel electrodes. The 
upper one is grounded, while the lower one couples to a radio frequency (RF) power source 
and holds the samples to be etched. A gas or a combination of gases will be chosen according 
to the material to be etched, which will be struck into a plasma consisting of gases, electrons 
and ions. With the RF power applied, an electric field will be established that accelerates 
ions towards the surface of the samples, and material is removed by chemical reactions. The 
etch conditions in a RIE system depend on various parameters, such as RF power, gas 
composition, gas flows, chamber pressure and temperature. Parameters are adjusted to give 
an optimized etching recipe that achieves a good profile. A schematic of anisotropic etching 
is shown in Fig. 3.17(a). With the electric field present, ions will bombard the sample surface 
mainly in one direction, which prevents undercutting. During the etch process, not only the 
material will be etched, but also the resist masks will be consumed, as shown in Fig. 3.17(b). 
Masks are expected to be consumed more slowly than the material. Selectivity is defined as 
the ratio of the etch rate of material divided by the etch rate of resists. This value varies from 
10:1 to ~ 1:1 and in general should be as large as possible.  
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Figure 3.17: (a) Schematic of anisotropic etch, and (b) resist loss and etch depth during the 
process of dry etching. 
3.4.4.2 Etching Process 
Another type of RIE system, called inductively coupled plasma (ICP) RIE, was used for 
etching InP-based materials. In an ICP RIE system, the plasma is generated using a RF 
powered magnetic field, and as a result, very high plasma densities can be achieved. The 
machine used for InP dry etch is an Oxford Instruments PlasmaPro System 100 ICP180. 
There are two common dry etch recipes. One is based on Chlorine (Cl2) and the other is 
based on Methane Hydrogen (CH4/H2) [173-177]. Which recipe will be chosen depends 
largely on the required etch rate and etch profile. Cl2 based chemistries have a fast etch rate, 
but a high substrate temperature (> 150 °C) is required to allow the etch products (InClx) to 
volatilize, aiming to obtain a smooth surface after etch. The etch rate can reach as high as 1 
μm/min, suitable for deep etching. However, at such high temperatures, most resists cannot 
be used and so hard masks, such as SiO2, are essential.  
Methane hydrogen was chosen for dry etch here because it can be used at room temperature 
(set at 20 °C for the dry etch in this work), while providing good anisotropic profiles and 
smooth surfaces. It was first proposed for InP RIE processing in 1989 by Hayes et al. [178]. 
An issue with this recipe is the formation of hydrocarbon polymers on inert surfaces that 
may affect the etch rate and surface roughness. Since an O2 plasma can be used to remove 
hydrocarbon polymers, a small addition of O2 to the recipe is adopted to help to improve 
etch performance [179], which is also beneficial in producing more vertical etched sidewalls. 
The etch rate of this recipe is normally a few tens of nm/min. 
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For dry etch, a concern of resist consumption is always raised. Here, two layers of PMMA 
were spun on the surface of the sample, both of which are identical with each having a 
thickness of 1.2 μm. The total thickness of 2.4 μm was essential for long-time etching. The 
steps of resist baking and development were the same as the steps used for marker definition. 
Resist in the area of waveguide isolation was exposed by EBL and removed after 
development. To control the process during dry etch precisely, an interferometer was used 
to monitor the etch depth. The interferometer is a laser system which uses a laser beam of 
675 nm to monitor the light reflectivity from the sample surface [180]. Since the sample 
material has different layers, the reflectivity will change as the material is etched. Hence, 
precise control of the dry etch depth can be realized. The chosen etch recipe, CH4/H2/O2 
(6/50/0.2 sccm), had an etch rate of about 65 nm/min for InP. The ICP power and RF platen 
power of the machine were 200 and 100 W respectively, and the gas pressure in the chamber 
was 20 mTorr. However, for contact layers of InGaAs and InGaAsP, the etch rate was slower 
than normal. Figure 3.18 (a) shows a reflectivity trace from the etched areas, which displays 
light reflectivity changing with time. The lowest point of the reflectivity trace was the stop 
point, where the contact layers were removed completely. For a total 250 nm etched 
thickness, an average etch rate of 29 nm/min was calculated. A micrograph of the waveguide 
isolation patterns after dry etch is shown in Fig. 3.18(b) where the dark lines are etched slots 
for waveguide isolation. 
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Figure 3.18: (a) A reflectivity trace from the interferometer for waveguide isolation etch, and 
(b) a micrograph of waveguide isolation patterns after dry etch. 
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3.4.5 Waveguide Definition 
3.4.5.1 Side-wall Gratings 
Side-wall gratings are also called “laterally-coupled gratings”. For this type of grating, the 
Bragg gratings are introduced on the two sides of the ridge waveguide. Buried gratings are 
another type of grating, which are introduced in an additional layer just above or below the 
QWs. Compared with side-wall gratings, diode lasers based on buried gratings have the 
advantage of higher effective coupling coefficients, which will lead to a lower threshold 
current. Because buried gratings are normally fabricated with a thin layer of about tens of 
nanometres, the etching process is relatively easy to control by wet etch. Lower wider 
contrast associated with buried gratings also has a lower optical loss. However, for buried 
gratings, material regrowth by MOCVD or MBE is essential. Material regrowth requires 
high standards of the sample surface cleanliness after etching the gratings, and it is difficult 
to control this step of process. Compared with buried gratings, side-wall gratings are easy to 
fabricate, and no regrowth is required. In this thesis, side-wall gratings are chosen to make 
diode lasers. By introducing an etch stop layer in the wafer structure, shown in Fig. 3.2, the 
grating etch profiles could be well controlled. By optimising the grating profile and surface 
roughness, the optical loss could be reduced and higher effective coupling coefficients could 
be controlled. Lower threshold currents and higher output power are expected to be achieved. 
3.4.5.2 Dose Test 
As described above, the dose for EBL needs to be chosen properly. Dose tests were carried 
out firstly to find the optimum dose before the real run of EBL for the sample. This is 
especially essential for HSQ, since HSQ is very sensitive to the environmental temperature, 
moisture and contaminants. The dose of a small bottle of HSQ may change with usage time, 
and a dose test is required every time before using HSQ. HSQ is preferred for high precision 
applications, such as defining waveguides with gratings in this thesis, whose smallest feature 
size was only about 120 nm. Furthermore, after e-beam exposure, HSQ will be converted 
into SiO2, an excellent hard mask for dry etch.  
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The thickness of spinned HSQ was 500-600 nm, which is thick enough for 1 hour dry etching 
for waveguide definition. The developer used for HSQ is a 25% solution of 
Tetramethylammonium Hydroxide (TMAH), giving excellent development performance 
[181, 182]. The development process is as follows: the sample is first dipped in TMAH (23 
°C) for 30 seconds, then water for 1 minute followed by an IPA rinse for 30 seconds. An 
IPA rinse is good for high aspect ratio features, since IPA has a lower surface tension than 
water. The sample was then blown dry using a nitrogen gun. 
Figure 3.19 shows typical results of a dose test for HSQ to define ridge waveguides with 
gratings. These ridge waveguides had a width of 2.5 μm with grating recess of 0.6 μm. The 
duty cycle of the gratings was designed as 50%. Since the gratings had very small feature 
sizes, a scanning electron microscope (SEM) was used to take images. Figure 3.19(a) shows 
the grating profile with a dose of 600 μC/cm2. It can be clearly seen that the duty cycle of 
the gratings was much smaller than 50%, showing a condition of under exposure, which 
means that the dose was not large enough. Figure 3.19(b) shows an SEM image of the 
gratings with a dose of 950 μC/cm2, in which the grating profile is good. In this circumstance, 
the EBL dose was chosen to obtain the duty cycle of 50%, with each grating tooth having a 
rectangular shape. Higher doses will also adversely affect the grating profile, a situation 
which is called over exposure. Figure 3.19(c) is an SEM image for gratings with a dose of 
1200 μC/cm2. Over exposure means the region close to exposed areas would be affected by 
scattering electrons. In this SEM image, residual HSQ was found between grating teeth, 
which would affect the coupling coefficient after dry etch. From the three SEM images, we 
can see that it is very important to find the optimum dose for e-beam lithography, otherwise, 
the profiles of the pattern will not be optimum. 
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Figure 3.19: SEM images of patterned HSQ for ridge waveguides with gratings, (a) under 
exposure, (b) right exposure, and (c) over exposure. 
The dose values shown here vary over a very wide range to show how under exposure and 
over exposure affect pattern profiles. In a practical dose test, the dose values are in a much 
narrower variation range. Once the optimum dose is found, this dose value can be used for 
real samples. 
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3.4.5.3 Undercut and RIE Lag Effects 
After defining the ridge waveguides, ICP dry etch was used for pattern transfer. The ICP180 
system was also used for dry etching ridge waveguides. The etching recipe was the same as 
that used for waveguide isolation, gas composition of which was CH4/H2/O2 (6/50/0.2 sccm). 
The small amount of O2 in the recipe can turn aluminium into aluminium oxide, which is 
extremely resistant to etching. Hence, the upper AlGaInAs cladding layer shown in Fig. 3.2 
can be utilised as the etch-stop layer. The total etch depth was 1920 nm for ridge waveguides. 
Figure 3.20 shows the reflectivity trace for ridge waveguide dry etch and an etching time 
period of 32 min was used. The etching rate was calculated as 60 nm/min. Because of the 
etch-stop layer, the reflectivity trace becomes flat at the end of the dry etch process. 
 
Figure 3.20: The reflectivity trace for ridge waveguides dry etch. 
Figure 3.21 illustrates a side view of a laterally-coupled grating (SEM image), etched by 
CH4/H2/O2. From this figure, we can see that the side-wall gratings were defined and the 
sampled Bragg grating structures are very clear. The SEM images of the cross-section view 
are also presented in Fig. 3.22. Figure 3.22(a) shows the cross-section of a straight ridge 
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waveguide without grating. The sidewall was not vertical and there was slight undercut. The 
undercut can be seen clearly in Fig. 3.22(b), where the material underneath the mask has 
been etched and the grating profile is not good. To produce devices with good performance, 
undercut needs to be avoided as much as possible. 
 
Figure 3.21: The side view of a laterally-coupled grating, etched by CH4/H2/O2. 
 
Figure 3.22: The cross-section view of (a) a ridge waveguide, and (b) a laterally-coupled 
grating. 
One possible reason causing the undercut is the “loading effect”. A 6-inch silicon wafer was 
often used as the carrier wafer to hold samples. Silicon is a different material from the 
samples based on III-V materials. Although dry etch is material selective, the carrier wafer 
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will also be consumed during dry etch process. The “Loading effect” occurs in dry etching 
as the etchant is depleted by reaction with the substrate material [183]. To reduce the 
undercut, a 2-inch InP wafer was placed under the sample so that the sample would be in an 
etching atmosphere with similar materials. Although the InP wafer was still placed on the 
silicon wafer, it was expected that the undercut would be reduced. Figure 3.23 shows a side 
view of a laterally-coupled grating etched using the same recipe defined above, with a 2-
inch InP wafer underneath the sample. Although the undercut can still be seen, this SEM 
image confirms that the undercut is reduced. However, because the InP wafer was also 
etched by the etchants and the wafer was much larger than the sample, the etching rate of 
the sample decreased. As a result, the required time to etch the sample to the same depth as 
before doubled. Long etching times can have deleterious effects on the profile of the patterns 
because of sample heating and accumulated undercut. 
 
Figure 3.23: The side view of a laterally-coupled grating etched by the same recipe with a 2-
inch InP wafer underneath the sample. 
To reduce the etch time, two steps of dry etch were introduced. In the first step, the recipe 
based on Cl2/CH4/H2 at 60 °C on ICP180 was used, which gave an etch rate of about 450 
nm/min. The first step took 3.5 minutes. For the second step, the recipe based on CH4/H2/O2 
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was used and the sample was etched to the end of process. By this modification, the total 
etching time was reduced to a reasonable time (about 40 minutes) and the undercut was not 
severe. Figure 3.24 illustrates the SEM image of a laterally-coupled grating based on the 
two-step etching. We can see that the profile of the ridge waveguide with gratings is vertical 
and uniform. 
 
Figure 3.24: The side view of a laterally-coupled ridge waveguide with gratings based on 
two-step etching. 
Figure 3.22(b) also shows another problem that occurs during dry etch, called the “RIE lag” 
effect. This effect occurs because etch rates have a dependence on the width of the slot and 
the aspect ratio of the feature sizes. The movement of ions is diffusion limited in the trench 
and the etch rate decreases as the aspect ratio increases [183-185]. This is especially a 
problem of deep-etched sidewall gratings with small feature sizes. Figure 3.22(b) shows an 
example of poor etching at the bottom in the gaps and the grating teeth are not clear. It is 
difficult for ions to diffuse into the gaps between the grating teeth. The etch-stop layer can 
be utilised to reduce the RIE lag effect. When the dry etch process reaches the etch-stop 
layer, the etching rate of the etch-stop layer is very low, only about 1-2 nm/min. At this 
point, if we keep etching, the material between the grating teeth will slowly be etched 
laterally while the etch-stop layer prevents etching downwards. As a result, the RIE lag effect 
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will be reduced. Usually, these added times for dry etch after reaching the etch-stop layer 
were 10 to 15 minutes. 
3.4.6 Contact Window Opening 
After defining the ridge waveguides, dielectric films were deposited on the sample for 
electrical isolation. Contact windows on the top of ridge waveguides were then opened by 
etching the dielectric films and metal deposition carried out to produce p-contact electrodes. 
This ensured electric currents were only injected into the top area of ridge waveguides. 
Dielectric films of silicon dioxide (SiO2) were deposited as the insulator, performed by a 
Plasma-Enhanced Chemical Vapour Deposition (PECVD) process. Silicon dioxide is a good 
insulator and several hundred nanometres of silica were deposited on the sample surface. 
PECVD is a chemical vapour deposition process to deposit thin films based on chemical 
reactions in a plasma of reacting gases [186], and produces good quality thin dielectric films. 
A first layer of 200 nm SiO2 was deposited on the sample by PECVD, followed by spinning 
a layer of about 400 nm HSQ to make the surface more uniform and smooth. After spinning 
HSQ, the sample was baked for 2 hours in the 180 °C oven. After baking, the HSQ becomes 
solid and can be used as liquid glass. A final layer of 100 nm PECVD SiO2 was deposited 
to ensure good insulation performance. The total SiO2 thickness was therefore ~ 700 nm. 
Because of the ridge waveguide high-mesa structure, the SiO2 films on top of the ridge 
waveguides were thinner than 700 nm, which was beneficial to reduce etching time. 
Another RIE machine in the JWNC, an Oxford Instrument RIE80+, was used to etch the 
SiO2 films for contact window opening. In this step, PMMA was used as the mask. The 
sample was only exposed to electron beams on the top of ridge waveguides, where the 
PMMA was removed after development. Fluoroform (CHF3), with a gas flow of 30 sccm 
and pressure of 30 mTorr, was used for the SiO2 RIE dry etch. The RF power was set at 200 
W with the working temperature at 20 °C. This etching recipe gave an etch rate of about 30 
nm/min. Figure 3.25 shows a micrograph of a ridge waveguide before and after RIE etching 
for contact window opening. Before RIE SiO2 etching, as shown in Fig. 3.25(a), there was a 
layer of SiO2 on the top of the ridge waveguide, appearing as blue. After SiO2 etching, 
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illustrated in Fig. 3.25(b), the SiO2 on top of the ridge waveguide was removed and a yellow 
metallic colour appears, which came from the InGaAs alloy. The colourful interference 
pattern in the micrograph came from HSQ, which acted as “liquid glass”.  
 
Figure 3.25: The micrograph of a ridge waveguide (a) before and (b) after RIE etching for 
contact window opening. 
3.4.7 Metallisation for P-contact 
After contact window opening, metal deposition on top of ridge waveguides for the anode 
electrodes (p-contact) was performed. This metallisation process was similar to that of 
producing markers, realized by lift-off process. The only difference was that a thicker layer 
of PMMA was required here because of the thicker p-contact metal. Metal layers of 
Titanium/Platinum/Gold (Ti/Pt/Au) with thickness of 33/33/240 nm respectively were 
deposited as the p-contact. The Ti is used as an adhesion layer as it is a reactive metal and 
oxidises easily. The Pt layer is adopted to prevent Au from diffusing into the semiconductor 
layer. The conductivity of Ti is not as good as that of Au so a final layer of 240 nm Au was 
deposited to ensure good electrical conductivity. The top 200 nm InGaAs layer of the wafer 
structure was highly-doped by Zn (1.5 × 1019 cm-3), enabling a good p-type ohmic contact 
with the Ti/Pt/Au layers. Figure 3.26 is a micrograph of Ti/Pt/Au p-contact electrodes after 
the lift-off process. 
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Figure 3.26: The micrograph of Ti/Pt/Au p-contact layer. 
3.4.8 Thinning and Cleaving 
The original thickness of the sample was about 360 μm. To achieve good cleaving and lower 
resistance, the n-type substrate side of sample was thinned to about 180 μm. Al2O3 dispersoid 
in water was used for thinning and polishing by a Chemical Mechanical Polishing (CMP) 
process. First, a 9 μm Al2O3 particles solution was used for thinning at a relatively fast 
thinning rate, then a 3 μm Al2O3 solution was used to polish the sample surface and reduce 
sample surface roughness. 
 
Figure 3.27: Annealing temperature changing with time.  
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After thinning and polishing, n-type metallisation was deposited on the backside of the 
sample surface. For the n-type contact, the InP was doped by Si to a level of 3 × 1018 cm-3, 
and a layer structure of Au/Ge/Au/Ni/Au of thicknesses 14/14/14/11/240nm was deposited 
by metal evaporation, a similar process to the p-contact. Annealing using a rapid thermal 
annealing (RTA) machine was then carried out to achieve a better ohmic contact for both 
the p-contact and the n-contact. The annealing condition was 380 °C for 60 seconds, as 
shown in Fig. 3.27. The measured annealing temperature was very close to the set points. 
During the annealing process, Ge also diffuses into the semiconductor material under the n-
contact and dopes the InP degenerately n-type, achieving a good ohmic contact.  
 
Figure 3.28: Design of the cleave sign. 
 
Figure 3.29: An image of cleaved laser bars. 
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After annealing, the fabrication of the diode lasers was finally completed and the sample was 
ready to be cleaved into laser bars. Figure 3.28 shows the design of the cleave sign and the 
cleave line is in the middle between the square and the triangle. The square had a width of 
40 μm and the distance between the square and the triangle was also 40 μm. A diamond tip 
was aligned to make a scratch on the sample surface at the edge and the sample was split by 
pressure according to the crystallographic axis along the cleave line. Figure 3.29 shows an 
image of three cleaved laser bars in a sample box. InP is very fragile and a little pressure is 
required for cleaving. After cleaving, the laser bars were ready for measurements. 
3.5 Chapter Summary 
In this chapter, semiconductor materials and diode laser fabrication were introduced. The 
fabricated DFB semiconductor diode lasers were based on multiple quantum well epitaxial 
wafers. To achieve good performance, the AlGaInAs/InP material system was adopted for 
semiconductor lasers. The basic structures of single mode ridge waveguides were then 
introduced. Ridge waveguides were bent at the facets to eliminate reflections, so, the 
stimulated optical modes would only depend on the Bragg gratings rather than the FP modes. 
Then the fabrication of semiconductor diode lasers was introduced in detail. Electron beam 
lithography was adopted to realise the small feature sizes of the Bragg gratings and was used 
for pattern transfer during the whole fabrication process. Eight main fabrication steps were 
described for fabricating diode lasers, including pattern design, sample preparation, marker 
definition, waveguide isolation, waveguide definition, contact window opening, 
metallisation for p-contact, thinning and cleaving. Among these steps, waveguide definition 
is the most critical. The process was optimised to achieve sidewall gratings with high aspect 
ratio and a small RIE lag effect. Reactive ion etching was employed to etch the III-V and 
dielectric materials, because dry etch has the advantages of etching anisotropy, less mask 
undercutting and greater reproducibility than wet etch. These fabrication processes were 
optimised and used to fabricate all of the semiconductor diode lasers in this thesis. 
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Chapter 4 
Novel DFB Semiconductor Lasers and Laser 
Arrays 
4.1 Introduction 
DFB semiconductor lasers and laser arrays are of substantial interest in WDM networks for 
higher data capacity, especially for low-cost applications in data centres and access networks 
[29, 187]. According to equation (2.3), a DFB diode laser’s lasing wavelength depends on 
the effective refractive index of the ridge waveguide and the corrugation pitch of the grating. 
To obtain different lasing wavelengths, it is easier to change the corrugation pitches, which 
are often defined by EBL, and in this way a wide range of wavelengths can be achieved 
[188]. However, the pattern unit of the EBL machine limits the resolution at which the 
corrugation pitch can be written; for example, to define a laser array with a wavelength 
spacing of 100 GHz, the resolution of the EBL machine needs to be about 0.125 nm, which 
is beyond the typical resolution limit of 0.5 nm of EBL machines. 
There is therefore a need to improve the resolution for grating definition beyond the standard 
resolution of EBL systems. One such method is weighted-dose allocation variable-pitch EB-
lithography [189]. But the associated algorithm makes the technique complex and ill-suited 
for volume manufacture. The REC technique based on SBGs mentioned in Chapter 2 has 
been applied to making semiconductor lasers successfully. Since the first DFB 
semiconductor laser diode with EPS was reported in 2007 [156], DFB semiconductor lasers 
based on the REC have continued to be developed with novel DFB semiconductor lasers and 
laser arrays based on this technique reported [190-193]. Recently, based on this technique, 
even a 60-wavelength DFB semiconductor laser array with a channel spacing of 100 GHz 
(about 0.8 nm around 1550 nm) was realized, which is a major feat [194]. These DFB 
semiconductor lasers were fabricated by holography combined with traditional contact 
photolithography, which is suitable for volume production. However, the effective coupling 
coefficient, κ, is reduced substantially compared to that of a continuous uniform Bragg 
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grating, which adversely affects the SLM performance of the laser. To increase the coupling 
coefficient, SBGs with phase-shifted sections were introduced, as mentioned in Section 2.4. 
This technique was firstly proposed and demonstrated in fibre lasers [159]. In these 
structures, the strength of the ±1st-order reflections can be enhanced selectively, while 
suppressing the 0th-order reflection. Here, for the first time, we applied this technique to DFB 
semiconductor lasers by EBL.  
4.2 Device Design and Fabrication 
The structures for SBGs with phase-shifted sections are shown in Fig. 2.9, with grating 
structures of C-SBG, 2PS-SBG, 3PS-SBG and 4PS-SBG. For all of the SBGs, −1st-order 
reflections were used as the working channels for the DFB semiconductor lasers and the 
duty cycles were all set as 0.5 for maximum effective coupling coefficients. The DFB lasers 
were based on ridge waveguides with sidewall gratings. The width of the ridge waveguide 
was 2.5 μm and the recess of the gratings was 0.6 μm on both sides.  
 
Figure 4.1: The micrograph of a single DFB semiconductor laser diode. 
 
Figure 4.2: The LI curve of the DFB laser diode. 
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Figure 4.3: The output optical spectrum of the DFB laser diode @ 60 mA. 
Figure 4.1 shows the micrograph of the original design of a single DFB semiconductor laser 
diode. The DFB laser diode had a cavity length of 1200 μm with a straight ridge waveguide. 
Since it was tested as-cleaved, it had optical reflections from both output facets, which means 
that it would have severe FP modes. Figure 4.2 illustrates the light-current (LI) curve of the 
DFB laser diode and the curve is not smooth. Figure 4.3 shows the output optical spectrum 
at an injection current of 60 mA. Although the side mode suppression ratio (SMSR) is > 40 
dB, the FP modes are really severe. 
To make improvements, bend ridge waveguides integrated with a semiconductor optical 
amplifier (SOA) were introduced on both sides to eliminate the optical reflections from 
output facets, as shown in Fig. 4.4(a). The cavity length L of the DFB section was still 1200 
μm and the SOA had a length of 300 μm, separated by an isolation gap of 20 μm. The SOA 
had a curved waveguide with radius of 1724.1 μm making an angle of 10° at the output facet. 
To avoid back reflections from the other side of the laser diode, a waveguide, of length 125 
μm with a radius of 233.3 μm and an angle of 32° at the facet, absorbs the light. Figure 4.4(b) 
shows the micrograph of the fabricated DFB laser diode. The curved waveguides minimize 
back reflections from the output facets, so the lasing wavelength only depends on the 
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gratings in the DFB section. Figure 4.5 shows the SEM image of the bend ridge waveguides 
of fabricated DFB semiconductor laser diodes. 
 
 
Figure 4.4: (a) The design of a DFB laser diode with bend ridge waveguides on both sides, 
and (b) the micrograph of the fabricated DFB laser diode [160]. 
 
Figure 4.5: The SEM image of the bend waveguides of fabricated DFB laser diodes.     
For all of the SBGs (including C-SBG, 2PS-SBG, 3PS-SBG, and 4PS-SBG), the grating 
period of the seed Bragg grating was set at 260 nm and the sampling period was 3.712 μm, 
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which would lead to lasing at wavelengths around 1550 nm. Here, as mentioned before, we 
choose the −1st-order reflections as the working channels, so the appropriate phase shifts of 
adjacent sections for the 3PS-SBG and 4PS-SBG designs are −2π/3 and −2π/4 respectively, 
as shown in Fig. 2.10. To achieve SLM operation, the equivalent π-phase shift can be 
introduced in the middle of the sampling structures by shifting the sampling structures by 
half of the sampling period, which is 1.856 μm in this circumstance. Figure 4.6 shows the 
micrograph of the equivalent π-phase shift introduced in the middle of ridge waveguides of 
C-SBG and 2PS-SBG respectively and the equivalent π-phase shift can be seen under a 
microscope. 
 
Figure 4.6: The micrograph of the equivalent π-phase shift introduced in the middle of ridge 
waveguides of (a) C-SBG, and (b) 2PS-SBG. 
 
Figure 4.7: The SEM image of a C-SBG with an equivalent π-phase shift. 
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Figure 4.8: The SEM image of 2PS-SBG, 3PS-SBG and 4PS-SBG structures with equivalent 
π-phase shifts. 
All of the SBGs were defined by EBL using HSQ. Figure 4.7 shows the SEM image of a C-
SBG with an equivalent π-phase shift and Fig. 4.8 illustrates the SEM image of 2PS-SBG, 
3PS-SBG and 4PS-SBG structures with equivalent π-phase shifts. All of the equivalent 
phase shifts can be seen clearly. Since for 2PS-SBG, 3PS-SBG and 4PS-SBG structures, one 
sampling period was divided into two, three and four sections respectively, the length for 
each sub-section was 1.856 μm, 1.237 μm and 0.928 μm respectively, as shown in Fig. 4.8. 
4.3 Set-up for Measurements 
To measure devices shown in Fig. 4.4, two probes are needed, one for the DFB section and 
the other for the SOA section. Figure 4.9 shows the schematic of the set-up to measure the 
DFB laser diode integrated with an SOA. The laser bar is mounted on a copper sheet, under 
which there is a thermoelectric cooler (TEC) used for temperature control (set at 20 °C). A 
current driver is used to control the injection currents and the TEC at the same time. The 
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output light is coupled into a lensed fibre and then detected by an optical power meter or an 
optical spectrum analyser. The optical power meter is used to measure the output optical 
power and the optical spectrum analyser is used to measure the optical spectra. Utilising the 
General-Purpose Interface Bus (GPIB) interface, automated control can be realised by 
Labview. The current driver is controlled automatically by a computer and generated data 
can be collected and saved automatically, reducing the measuring time dramatically. 
 
Figure 4.9: Schematic of the set-up to measure a DFB laser diode integrated with an SOA. 
Figure 4.10 (a) shows the photograph of the set-up, two probes were used for independent 
current injection and a lensed fibre was mounted on a three-dimensional stage to adjust the 
position for coupling the output light. On top of the system, a microscope was used for 
checking the alignment. Figure 4.10(b) shows the micrograph of the two touched probes and 
the lensed fibre. Because of curved ridge waveguides, the lensed fibre was tilted at a specific 
angle of 32° to achieve the largest coupling efficient. 
The modular controller used was a Model 8000 from Newport Company, as shown in Fig. 
4.11. It can control the setting of the two injection currents independently at the same time, 
and can also control the TEC to achieve a stable temperature. 
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Figure 4.10: (a) The photograph of the set-up, and (b) the micrograph of the two touched 
probes and the lensed fibre. 
 
Figure 4.11: Model 8000 from Newport Company. 
During the measurements, the software Labview is used to control the equipment. Once the 
equipment is set up properly, measurements will be carried out automatically by Labview, 
which is beneficial to save time for measurements. The basic measurements include 
measuring output optical power and optical spectra. 
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4.4 Enhancement of Effective Coupling Coefficients 
Based on SBGs with Phase-shifted Sections 
In Section 2.4.1, SBGs with phase-shifted sections are introduced for gaining higher 
effective coupling coefficients. Based on these grating structures, single-wavelength DFB 
semiconductor diode lasers were designed and fabricated. Demonstration of the 
enhancement of effective coupling coefficients was carried out by comparing the stop-bands 
of these DFB lasers at injection currents just below threshold. All of the results in this thesis 
were measured at a temperature of 20 °C controlled by the TEC. 
4.4.1 Comparison of Stopbands 
  
Figure 4.12: (a) The optical spectrum of a laser diode just below threshold (50 mA) with 
uniform seed grating, and (b) the reflectivity spectrum of a passive waveguide of the 
corresponding uniform seed grating [160]. 
Firstly, a DFB laser diode based on a uniform seed grating (0th-order reflection) with a 
grating period of 243 nm without sampling was fabricated as the reference laser, which 
would lase at around 1550 nm. This DFB diode laser’s optical spectrum was measured at the 
injection currents of the DFB section and the SOA set just below threshold (50 mA) and at 
5 mA respectively, as shown in Fig. 4.12(a). The measured stopband between the two main 
modes is 0.475 nm, from which κ is calculated to be 23.2 cm−1. The corresponding 
reflectivity spectrum of a passive waveguide with the same uniform grating parameters was 
simulated using the TMM, and, as shown in Fig. 4.12(b), the stopband is 0.835 nm. It is well 
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known that the measured stopband of a DFB grating in the presence of gain is significantly 
smaller than that of the equivalent passive waveguide [195], which accounts for the 
difference. 
 
Figure 4.13: Optical spectra measured just below threshold (50 mA) of (a) C-SBG, (b) 2PS-
SBG, (c) 3PS-SBG and (d) 4PS-SBG [160]. 
DFB semiconductor lasers based on SBGs with phase-shifted sections were firstly fabricated 
without equivalent phase shift corresponding to the four designs (C-SBG, 2PS-SBG, 3PS-
SBG, and 4PS-SBG). According to the design, the same operating wavelengths were 
obtained as the reference laser. At the same injection currents as for the reference laser, the 
optical spectra of these grating structures were measured just below threshold, as shown in 
Fig. 4.13. The measured stopbands of the C-SBG, 2PS-SBG, 3PS-SBG and 4PS-SBG lasers 
are 0.405 nm, 0.454 nm, 0.462 nm and 0.468 nm respectively. Since the theoretical ratios of 
the effective κ of the −1st-order channels to that of the 0th-order channel are about 0.32, 0.64, 
0.83 and 0.90 respectively, the effective κ of −1st-order channels are estimated as 7.4 cm−1, 
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14.8 cm−1, 19.3 cm−1 and 20.9 cm−1 for C-SBG, 2PS-SBG, 3PS-SBG and 4PS-SBG 
respectively. The reflectivity spectra of passive waveguides were simulated based on these 
estimated values of effective κ, as shown in Fig. 4.14. From the simulation, the 
corresponding stopbands are measured to be 0.645 nm, 0.719 nm, 0.777 nm and 0.805 nm 
respectively.  
 
Figure 4.14: Simulated reflectivity spectra of passive waveguides with different values of κ 
(smaller κ having narrower stopband) [160]. 
Table 4.1 Properties of modelled and measured gratings [160] 
Grating types C-SBG 2PS-SBG 3PS-SBG 4PS-SBG Uniform 0th-order 
grating 
Measured stopband / nm 0.405 0.454 0.462 0.468 0.475 
Uniform grating Equivalent κ 
/ cm−1 
7.4 14.8 19.3 20.9 23.2 
Uniform grating Passive 
stopband / nm 
0.645 0.719 0.777 0.805 0.835 
Ratio of {measured /passive 
stopband} 
0.63 0.63 0.59 0.58 0.57 
All these data are summarized in Table 4.1, where the calculated ratios of the stopbands of 
active waveguides and stopbands of passive waveguides are also presented. Since the ratios 
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are almost constant (0.6 ± 0.03), the effective coupling coefficients are approximately the 
same as the theoretical values. The reflection strengths of the −1st-order channels are indeed 
enhanced as expected. 
4.4.2 Single-mode Lasers with Equivalent π-phase shift  
 
Figure 4.15: LI curves of the fabricated DFB laser diodes for the four SBGs, at the SOA’s 
injection currents of 20 mA. 
With equivalent π-phase shifts introduced as Fig. 4.7 and Fig. 4.8, single-mode lasing for 
the four SBGs (C-SBG, 2PS-SBG, 3PS-SBG and 4PS-SBG) can be realized. Figure 4.15 
illustrates the light-current (LI) curves of the fabricated single-mode DFB laser diodes for 
the four SBGs, at the SOA injection currents of 20 mA. Since the effective κ was not very 
high, the threshold currents were about 40 to 50 mA. Because there was no reflection from 
either facet of the laser diode, the output optical power was not very high and we could 
obtain about 4 mW when the DFB injection current was 100 mA. If the high reflection 
coating is deposited on one facet in the future, the output power will be doubled. We can see 
the trends that, with more divided sections in one sampling period, more output optical 
power as well as lower threshold currents, were obtained, trends which are consistent with 
these of the effective coupling coefficients.  
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Figure 4.16: SMSRs of the lasers at different DFB injection currents when the SOA injection 
current was 20 mA [160]. 
The SMSRs of the various kinds of single-mode DFB lasers are shown in Fig. 4.16 at 
different DFB injection currents when the SOA injection current was 20 mA. Stable SLM 
operation was observed when the DFB injection current was more than 70 mA. Apart from 
the C-SBG, the SMSRs of the other three kinds of SBGs were all above 35 dB. Poor SMSRs 
of the C-SBG were obtained because of the relatively low coupling coefficient (~ 7.4 cm−1). 
An increase in the SMSR with the number of phase-shifted sections in one sampling period 
reflects the increase in the effective coupling coefficient. 
Figure 4.17 shows the optical spectra from the DFB lasers based on the four SBGs when the 
injection currents of the DFB and SOA sections were set at 100 mA and 20 mA respectively. 
The FP modes are barely visible in the spectra, implying that the facet reflection and the 
reflection from the shallow etched isolation slot between the DFB and SOA were negligible. 
At these injection currents, the SMSRs were all above 36 dB. Meanwhile, the lasing 
wavelengths were nearly the same among the four SBGs (the wavelength of C-SBG was a 
little different because of a slight difference in the profile of the grating structure compared 
with the other three SBGs), which demonstrates the high precision that can be obtained by 
using the sampling technique with EBL. 
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Figure 4.17: Optical spectra of the four SBGs at 100 mA [160]. 
4.5 An Eight-wavelength DFB Laser Array 
DFB laser arrays have promising applications for WDM systems aimed at access networks 
and data centres. They are also key components for PICs for future applications. For 
traditional DFB lasers based on uniform Bragg gratings, we could achieve different lasing 
wavelengths by changing the grating periods, but the precision would be limited, as 
described in section 4.1. However, for DFB lasers based on the SBGs, different wavelengths 
can be realized easily by changing only the sampling periods. Unlike the seed grating 
periods, which have the feature sizes of about 200 to 300 nm, the sampling periods have 
much larger feature sizes, from several microns to dozens of microns. Larger feature sizes 
imply a relaxation in fabrication tolerance. As mentioned before, laser arrays based on the 
REC technique have been produced with high precision. According to reference [196], the 
error tolerance can be relaxed by several hundred times by applying sampling structures. 
Here, an eight-wavelength DFB laser array with high wavelength precision has been 
demonstrated, based on the 2PS-SBG design shown in Fig. 2.9(b). The seed grating period 
was chosen to be 250 nm, and the sampling periods varied from 7.979 µm to 9.206 µm, to 
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give a wavelength spacing of 100 GHz, corresponding to ~ 0.8 nm at 1550 nm. To ensure 
SLM operation of the DFB lasers, the central section contained the equivalent π-phase shift 
shown in Fig. 4.7 and Fig. 4.8. Figure 4.18 shows the micrograph of the fabricated eight-
wavelength DFB laser array, with the lasers numbered from 1 to 8. For each laser diode, the 
total length was 1645 μm and the width was 150 μm. 
 
Figure 4.18: The micrograph of the fabricated eight-wavelength DFB laser array. 
  
Figure 4.19: (a) Optical spectra of the laser array at injection currents of 100 mA (channels 1 
to 8, left to right), and (b) linear fitting of the wavelengths [160]. 
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The laser array was measured with the injection currents of the DFB and SOA sections set 
at 100 mA and 20 mA respectively. The lasing spectra are shown in Fig. 4.19(a). The 
difference in peak power between the lasers is not significant, and reflects variations in 
coupling the light from the SOAs into the single mode fibre used to feed the optical spectrum 
analyser. The SMSRs are all over 30 dB, which can be optimised further by improving the 
fabrication process by increasing the coupling coefficients. By linear fitting of the 
wavelengths, a slope of 0.837 nm per channel (104 GHz) was obtained, with a residual of 
0.059 nm (Fig. 4.19(b)), which is very close to the design value. These results demonstrate 
the excellent wavelength precision that can be achieved with this technique. 
 
Figure 4.20: LIV characteristics of the fabricated eight-wavelength laser array with SOA 
drive currents set at 40 mA [160]. 
Figure 4.20 shows the light-current-voltage (LIV) curves of the lasers. The devices were 
measured with drive currents of 40 mA applied to the appropriate SOAs. Given each of the 
LI characteristics reflects the performance of a laser/SOA combination, the uniformity of 
optical output power is acceptable. The threshold currents are about 50 mA for all of the 
laser diodes. The lasers reported here were designed with relatively long cavities (1200 µm) 
because of low effective coupling coefficients. Figure 4.20 also shows almost 10 dBm (10 
mW) output power with the DFB section driven at 140 mA. The voltages are about 1.25 V 
when the injection currents are set at 60 mA. By calculation, the resistance can be obtained 
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as about 5.7 Ω when the diodes are lasing, which is a normal value. Electro-absorption 
modulators will be integrated within future iterations of the DFB laser array to make an 
optical transmitter, suitable for use in PONs and data centres. From the lasing wavelengths 
and LIV curves of the eight different diode lasers, we can see that the lasing performance of 
different lasers is uniform. These diode lasers have similar effective coupling coefficients, 
which shows that the dry etch process of the gratings is in good control. This uniformity 
benefits from the etch-stop layer used to fabricate during the dry etch process. 
 
Figure 4.21: The 2D optical spectrum mapping of one of the DFB laser diodes. 
 
Figure 4.22: The SMSR changing with the DFB injection current. 
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The eight laser diodes are similar and one was chosen for further study. Figure 4.21 shows 
the 2D optical spectrum mapping of one of the DFB laser diodes at SOA current of 40 mA, 
which shows stable single-mode lasing at injection currents of DFB section from threshold 
to 160 mA. The change in SMSR with the DFB injection current is shown in Fig. 4.22, from 
which we can see that the SMSR is stable at about 36 dB for currents above threshold. 
Lasing wavelength has also been measured as a function of DFB injection current (SOA 
current fixed at 40 mA), as shown in Fig. 4.23. This diagram shows that the relation between 
lasing wavelength and DFB injection current is relatively linear. Due to the thermal shift, 
the wavelength shift is about 2.35 nm at injection currents changing from 60 mA to 160 mA 
and a wavelength tuning of 23.5 pm/mA can be calculated.  
 
Figure 4.23: The lasing wavelength changing with DFB injection currents. 
4.6 Measurements of Far-field Patterns 
The far-field patterns of the semiconductor diode lasers were also measured. From this 
characteristic, the far-field pattern can reveal the quality of the laser beam and show that 
whether the laser beam is a good TE fundamental mode. Divergence angles of the laser beam 
can also be calculated. The schematic of the set-up to measure far-field patterns is shown in 
Fig. 4.24. As for the set-up that shown in Fig. 4.9, the diode lasers are mounted on a copper 
sheet with a TEC underneath for temperature control. The temperature is set at 20 °C and 
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probes are aligned to touch the electrode pads for current injection. The output light beam is 
then coupled into a goniometric radiometer for measurements. Figure 4.25 is a photograph 
of the set-up used to measure far-field patterns of diode lasers. After applying injection 
currents, the laser beam was sent into the goniometric radiometer directly. Controlled by a 
computer, a Goniometric Radiometer Model LD 8900R™ from Photon Inc. was used for 
measurement in this work and the associated software was used to collect the data 
automatically.  
 
Figure 4.24: Schematic of the set-up to measure far-field patterns. 
  
Figure 4.25: The photograph of the set-up to measure far-field patterns of diode lasers. 
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The far-field pattern of a diode laser based on a straight ridge waveguide, as shown in Fig. 
4.1, was firstly measured. Figure 4.26(a) shows the 3D intensity profile of the output light 
beam in cylindrical coordinates, and Figure 4.26(b) shows the 2D display in polar 
coordinates from the 3D acquisition with the perspective view looking from the source. 
These two images illustrate that the output light beam has a Gaussian shape profile, 
confirming the good quality of TE fundamental mode lasing. 
 
 
Figure 4.26: (a) 3D and (b) 2D light beam intensity profiles for a diode laser based on the 
straight ridge waveguide. 
(a) 
(b) 
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The light intensity distribution as a function of divergence angle is illustrated for the vertical 
and horizontal directions in Fig. 4.27. The divergence angles at the half-power points were 
calculated from the graphs. The divergence angles in the vertical and horizontal directions 
were 40.9° and 23.5° respectively. The laser beam is more divergent in the vertical direction, 
which is determined by the epitaxial wafer structure and the ridge waveguide design.  
 
Figure 4.27: Vertical and horizontal profiles of light intensity for a diode laser based on the 
straight ridge waveguide. 
The far-field pattern of a diode laser based on a bend ridge waveguide was also measured. 
The DFB diode laser structure with bend waveguides is shown in Fig. 4.4 where the SOA 
was tilted by 10° at the output facet. The corresponding 3D and 2D light beam intensity 
profiles are shown in Fig. 4.28. Because of the tilt, the peak of the beam intensity profile is 
not in the centre of the coordinates. However, the laser beam intensity profile still has a 
Gaussian shape. This means that the bend ridge waveguides in the design have no influence 
on the diode lasers’ single-mode lasing performance. 
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Figure 4.28: (a) 3D and (b) 2D light beam intensity profiles for a diode laser based on a bend 
ridge waveguide. 
The horizontal profile of light intensity for the diode laser based on a bend ridge waveguide 
was derived, as shown in Fig. 4.29. From this graph, we can see that the transmission angle 
is exactly the design value of 33º for the bend ridge waveguide shown in Fig. 3.7.  
(a) 
(b) 
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Figure 4.29: The horizontal profile of light intensity for a diode laser based on a bend ridge 
waveguide. 
 
Figure 4.30: Vertical and horizontal profiles of light intensity based on the bend ridge 
waveguide centered at the peak of intensity. 
Figure 4.30 illustrates vertical and horizontal profiles of the light intensity from the bend 
ridge waveguide centered at the peak of intensity. The vertical divergence angle was still 
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about 40.9°. However, the horizontal divergence angle was about 34º, larger than that of a 
straight ridge waveguide. The structure difference of the bend ridge waveguide in the 
horizontal direction will lead to an increase of the divergence angle. 
The Gaussian-shaped laser beam profiles prove that these DFB diode lasers have good 
single-mode lasing performance, even with bend ridge waveguides. It is beneficial to 
introduce the bend ridge waveguides into the lasers to eliminate facet reflections, 
maintaining single-mode lasing at the same time. 
4.7 Chapter Summary 
In this chapter, novel DFB semiconductor lasers and laser arrays were designed and 
demonstrated. The design of the DFB semiconductor diode lasers were introduced first. 
Compared to conventional straight ridge waveguides, bend ridge waveguides were 
introduced to eliminate facet reflections. This is beneficial for single longitudinal mode 
operation of DFB diode lasers. Then the design parameters of four SBGs (C-SBG, 2PS-SBG, 
3PS-SBG, and 4PS-SBG) were presented to produce novel DFB diode lasers. The set-up to 
measure these diode lasers was described, with automated measurements realized by 
Labview. Enhancement of the effective coupling coefficients for the four SBGs was 
demonstrated by comparison of the stopbands of DFB lasers just below threshold. DFB 
lasers based on the four SBGs with equivalent phase shifts were also realized and good single 
longitudinal mode operation was achieved. The increase of SMSRs of the DFB lasers based 
on the four SBGs also demonstrated an increase of effective coupling coefficients. Based on 
the 2PS-SBG structure, by simply changing the sampling periods, an eight-wavelength DFB 
laser array was realized. This laser array had a high wavelength spacing precision of 100 
GHz and the grating design overcame the resolution limit of EBL machines. Characterisation 
showed that the laser array had good single longitudinal mode lasing performance and 
relatively high output power. Finally, far-field patterns of DFB diode lasers were measured, 
showing that bend ridge waveguides have no influence on the spatial longitudinal mode 
lasing of DFB diode lasers. The work in this chapter has shown that good performance of 
novel DFB diode lasers has been achieved. These DFB lasers and laser arrays have 
promising applications in the WDM systems.  
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Chapter 5 
Terahertz Frequency Generation Based on Dual-
mode Semiconductor Lasers 
5.1 Introduction 
THz frequency sources have attracted much attention in scientific research and are already 
used in the fields of environmental monitoring, security, agriculture and medicine [43]. 
Many different techniques have been developed to generate THz signals [45]. One of the 
promising methods is called photomixing. A combined optical beam including two spectral 
components with different frequencies can generate optical beating signals. Photomixing is 
a method to generate the corresponding beating signals by using photoconductive antennas. 
Two optical fields with angular frequencies ω1 and ω2 can be expressed as 
 ?̃?1(𝑡) = 𝐸1(𝑧) exp(𝑖𝜔1𝑡 + 𝜑) + 𝑐. 𝑐. (5.1) 
 ?̃?2(𝑡) = 𝐸2(𝑧) exp(𝑖𝜔2𝑡) + 𝑐. 𝑐., (5.2) 
where c.c. is the complex conjugate and φ is the relative phase between two optical fields. 
The intensity I of the total field can then be defined as the square of the sum of the two 
optical waves: 
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⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡+⁡𝐸1𝐸2 cos{(𝜔1 + 𝜔2)𝑡 + 𝜑} + 𝐸1𝐸2 cos{(𝜔1 − 𝜔2)𝑡 + 𝜑}, (5.3) 
where the final difference frequency term is of interest. When the frequency difference of 
the two wavelengths (𝜔1 − 𝜔2) is located in the THz frequency range, THz signals can be 
generated by photomixing in a high-speed detector connected to an antenna. Because of the 
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limited bandwidth of the detector, the sum frequencies of other frequency harmonics are 
ignored and only THz frequencies are detected and generated. 
A wide variety of two-colour laser sources could be used to generate THz waves. However, 
photomixing based on semiconductor lasers has the advantages of compactness and low cost 
[197]. In particular, if the wavelengths of the semiconductor lasers are in the optical 
communications wavelength range, the wavelengths can be transmitted conveniently 
through an optical fibre and the THz signals can be generated long distance away from the 
laser sources. This feature could lead to various applications like remote THz sensing. 
Here, novel dual-mode DFB semiconductor diode lasers based on sampled Bragg gratings 
(SBGs) have been designed and fabricated. Both lasing wavelengths were generated 
simultaneously in one cavity in the C-band wavelength range (1530-1565 nm) and a terahertz 
signal of 560 GHz was generated by photomixing based on mode beating effects. 
5.2 Design of Dual-mode Lasers 
The design concept of dual-mode lasers has been introduced in Section 2.4.2. The grating 
structure of the dual-mode laser was based on a 2PS-SBG structure, as shown in Fig. 5.1, 
the same as Fig. 2.9(b). The duty-cycle of the sampling periods in a 2PS-SBG is set as 0.5 
to achieve the highest coupling coefficients in ±1st-order channels. For a 2PS-SBG, π phase-
shifted gratings are inserted into the blank half of each sampling period in a conversional 
SBG. As a result, the 0th-order channel is eliminated and the ±1st-order channels are 
enhanced. By introducing an equivalent phase shift (EPS) in the sampling structure, single-
mode lasing of the ±1st-order channels is expected to be achieved. 
 
Figure 5.1: The grating structure of 2PS-SBG. 
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For the single-mode DFB lasers realized in Chapter 4, the sampling periods were of the order 
of several micrometres and the −1st-order channel was used as the working channel. In this 
case, the 0th-order channel and the 1st-order channel were moved out of the gain spectrum so 
that only the −1st-order channel experienced enough gain to lase and so single-mode lasing 
performance could be guaranteed. However, for dual-mode lasers, both of the ±1st-order 
channels are required to lase stably and so both of the channels should be located in the gain 
spectrum range. So that the ±1st-order channels experience similar gain values, the seed 
grating period should be chosen carefully. The value of the seed grating period was designed 
to locate the 0th-order channel at the peak of gain spectrum, so that the ±1st-order channels 
located on both sides of the gain peak would have similar gain values. To generate THz 
signals by photomixing, the wavelength spacing of the two wavelengths should be several 
nanometres. According to equation (2.29), the sampling periods are calculated to be about 
dozens of micrometres. 
The layout of the dual-mode laser was the same as that of a single-mode DFB laser, as shown 
in Fig. 4.4, with bend ridge waveguides on both sides, and the quantum well wafer structure 
was identical to the structure shown in Fig. 3.2. Shallow etching was adopted to fabricate 
ridge waveguides, the same as that shown in Fig. 3.4(a). 
To achieve specific THz frequencies, the wavelength spacing needs to be designed precisely. 
The dispersion of the effective refractive index at different wavelengths needs to be taken 
into consideration. By carrying out several runs of fabricating DFB single-mode lasers, the 
value of the effective refractive index for the fundamental TE mode at 1550 nm was 
calculated as 3.1934, and the dispersion coefficient around 1550 nm was estimated as 
−0.00021 nm-1. Hence, for wavelengths around 1550 nm, the corresponding effective 
refractive index neff (λ) could be estimated as: 
 𝑛𝑒𝑓𝑓(𝜆) = −0.00021 ∗ (𝜆 − 1550) + 3.1934. (5.4) 
For an SBG with seed grating period Λ0 and sampling period P, according to equations (2.3) 
and (2.27), the wavelengths of the ±1st-order channels, 𝜆±1, can be expressed as: 
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 𝜆+1 = 2𝑛𝑒𝑓𝑓(𝜆+1) ∗ Λ+1 = 2𝑛𝑒𝑓𝑓(𝜆+1) ∗
𝑃𝛬0
𝑃−𝛬0
, (5.5) 
 𝜆−1 = 2𝑛𝑒𝑓𝑓(𝜆−1) ∗ Λ−1 = 2𝑛𝑒𝑓𝑓(𝜆−1) ∗
𝑃𝛬0
𝑃+𝛬0
. (5.6) 
From these equations, the values of 𝜆±1can be derived and the wavelength spacing of ±1
st-
order channels can be calculated.  
5.3 Characteristics of Dual-mode Lasers 
5.3.1 Optical Power and Spectra 
For the design of dual-mode lasers based on a 2PS-SBG, the seed grating period was chosen 
to be 244 nm and the sampling period was 134.67 um. Since the dual-mode lasers had the 
same schematic as that of the single-mode DFB lasers shown in Chapter 4, the set-up for 
measurements was the same as that shown in Fig. 4.9 and Fig. 4.10. All the data were 
obtained automatically by software Labview. 
 
Figure 5.2: LI curves of a dual-mode laser. 
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Figure 5.2 illustrates typical LI curves of a dual-mode diode laser for different injection 
currents in the DFB and SOA sections. The DFB injection current was scanned from 0 to 
180 mA and the SOA currents were set at 0, 20, 40 and 60 mA respectively. From these 
curves we can see that the threshold current was about 50 mA, a similar value to that of a 
single-mode DFB laser. The output optical power increases dramatically with the SOA 
current. When the injection currents of the DFB and SOA section were 110 mA and 40 mA 
respectively, a relatively high output optical power of 8 mW was achieved.  
 
Figure 5.3: The optical spectrum at an SOA current of 40 mA and DFB current of 120 mA 
[198]. 
Optical spectra were also measured for the dual-mode lasers. Figure 5.3 shows a typical 
optical spectrum of a dual-mode laser with the injection currents of the SOA and DFB 
sections set at 40 mA and 120 mA respectively. The wavelength spacing of the two lasing 
wavelengths was measured as 4.45 nm, corresponding to a THz frequency of 560 GHz. The 
power difference between the two wavelengths was less than 0.5 dB and the SMSR of the 
two modes was larger than 30 dB, which is important for obtaining a large photomixing 
efficiency. A 2D-wavelength mapping at an SOA current of 40 mA is also illustrated, as 
shown in Fig. 5.4. This 2D-wavelength mapping is generated with the data acquired by the 
automated measurement system. During the long-time task to acquire all the measurements, 
the optical coupling between the fibre tip and the ridge waveguide may change because of 
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the influence of the environment, which will lead to a power change. From this figure, we 
can see a rise and fall in the ASE background. However, small changes in the power coupling 
will not influence the lasing wavelengths. This figure shows that the two modes were lasing 
stably over a wide range of DFB injection currents. The threshold current was about 50 mA 
and the two wavelengths lased stably above 80 mA.  
 
Figure 5.4: A 2D-wavelength mapping at an SOA current of 40 mA [198]. 
5.3.2 Autocorrelation Traces 
Autocorrelation traces were also measured to check the generated THz frequency. Figure 
5.5 shows the schematic of the set-up to measure autocorrelation traces. The dual-mode laser 
diode was mounted on a TEC for temperature control at 20 °C. A current driver was used to 
control the injection currents and the TEC at the same time. The output light was coupled 
into a lensed fibre and amplified by an EDFA. An optical isolator was placed between the 
laser and the EDFA to prevent unwanted light reflection, then the amplified light was 
transmitted through a polarization controller and sent into an autocorrelator. The polarization 
controller was used to control the polarization of the light to achieve the best performance. 
The autocorrelator was used to examine the autocorrelation of the light intensity and the 
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generated electrical signals were observed by an oscilloscope in real time. Utilising the GPIB 
interface, automated control was realised by Labview. The current driver was controlled 
automatically by a computer, and data from the oscilloscope were collected and saved 
automatically, reducing the measuring time. Figure 5.6 shows the equipment used for 
measuring autocorrelation traces. In this image, from top to bottom, the equipment is listed 
as Tektronix Oscilloscope TDS 210, Optical Fibre Amplifier from PriTel. Inc., and the 
autocorrelator from Femtochrome Research Inc. 
 
Figure 5.5: Schematic of the set-up to measure autocorrelation traces. 
 
Figure 5.6: Equipment used for measuring autocorrelation traces. 
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Figure 5.7: A measured autocorrelation trace [198]. 
A measured second harmonic (SH) autocorrelation trace (AC) is shown in Fig. 5.7. The 
average period of the emitted pulse train, dividing the delay duration time by total peak cycle 
counts, was calculated as 1.8 ps, which corresponds to a beating frequency of 560 GHz. This 
is consistent with the optical spectrum, as shown in Fig. 5.3. Hence, the dual-mode laser was 
expected to generate the THz signal frequency of 560 GHz. 
5.4 Measurement of THz Frequency Generation 
 
Figure 5.8: Schematic of the set-up for generating and detecting THz waves. 
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A set-up for generating and detecting THz waves was built based on the fabricated dual-
mode lasers. The schematic of the set-up is shown in Fig. 5.8. The dual-mode diode lasers 
were mounted, driven, and coupled the same as that in Fig. 5.5. After being amplified by the 
EDFA, the coupled laser light was imaged on a photoconductive antenna (PCA) via a 
standard single-mode fibre, with the optical power set at about 25 mW after amplification 
by the EDFA. The core diameter of the single-mode fibre is about 10 µm and the antenna 
gap of the PCA is 5 µm. With careful alignment, the light spot could cover the antenna gap 
properly. The PCA was mounted on hyperhemispherical silicon substrate lens: PCA-180-
05-10-1550-h. It has a diameter of 12 mm and a virtual focus length of 26.4 mm. The 
collection angle is 57º and the half divergence angle is 15º. The PCA was reverse biased at 
10 V and THz waves were generated by photomixing the two wavelengths. After 
transmission through an optical chopper, the free-space THz waves were detected by a Golay 
cell. The Golay cell is a type of opto-acoustic detector mainly used for infrared spectroscopy 
[199]. It is filled with an infrared absorbing material and a flexible membrane. Light is 
reflected by the membrane and detected by a photodiode. When infrared radiation is 
absorbed, the gas will be heated and expand, resulting in pressure-induced deformation of 
the membrane. The deformation of the membrane deflects the light beam and produces a 
signal change in the detector. Thus the power of the incident radiation can be detected. The 
Golay cell has a high sensitivity and a broad frequency range of flat response. The frequency 
range can be extended to the Golay THz frequency range. 
A lock-in amplifier was utilised to exact THz signals from the noisy environment, with the 
optical chopper frequency set at 20 Hz. The lock-in amplifier was controlled by a computer 
using Matlab programs through the GPIB interface. The THz power data were collected and 
saved automatically. 
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Figure 5.9: (a) The front view and (b) the back view of the PCA. 
The PCA was based on semi-insulating GaAs from BATOP Optoelectronics (serial number: 
PCA-180-05-10-1550-a) with excitation wavelength of 1550 nm. The chip area is 4 mm × 4 
mm, and mounted on hyperhemispherical silicon substrate lens. The focus length of the 
silicon lens is 50 mm. Figure 5.9 (a) shows the front view of the PCA and the laser beam 
transmitted out of the fibre needs to be aligned with the detector. Figure 5.9(b) shows the 
back view of the PCA. The hyperhemispherical silicon substrate lens is used to partially 
collimate the THz waves. The PCA has a response frequency region from 0.1 to 5 THz. In 
this work, the highest pump light power was set at 25 mW, the normal specific working point 
of the PCA. The PCA is expected to be linear before the saturation point [200]. However, 
whether the generated THz signal is linear to the pump light power depends on several 
aspects. One is the power difference of the two lasing modes, which would change with the 
injection currents. Another is whether the EDFA or the SOA would saturate during the 
measurements. However, from the results we could see that the THz signal power increases 
with the pump light power. 
Figure 5.10 illustrates the Golay cell optoacoustic detector from TYDEX Company, model 
number GC-1P. The design of a Golay cell was first proposed by Dr. M.J.E. Golay in 1947 
[201]. This detector can operate at room temperature and has a small size, a high sensitivity, 
and a broad operating wavelength range. The diameter of the entrance cone is 11 mm, and 
the material of the entrance window is high-density polyethylene. The optimal operating 
wavelength range is 15 µm ~ 2 mm. The wavelengths of the THz signals are usually several 
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hundred microns, which can be detected by the Golay cell. The optical responsivity @ 20 
Hz was calibrated from the software with Golay cell as 1.5 × 10−5 W/V. An optical chopper 
and a narrow-band THz frequency filter were used together to extract the THz signals from 
the noisy environment. 
 
Figure 5.10: The Golay cell optoacoustic detector from TYDEX Company. 
The power of the generated THz signals was measured with the set-up shown in Fig. 5.8. 
Absolute power was calculated using the optical responsivity of 1.5 × 10−5 W/V. Figure 5.11 
shows the 2D power intensity mapping of THz signals with changing of DFB and SOA 
injection currents. The injection currents of the DFB and SOA section were scanned from 0 
mA to 200 mA and 100 mA respectively. From this image, we can see that THz signal power 
was detected above the threshold current of the DFB laser, which was consistent with lasing 
of the dual-mode laser. Above threshold current, THz signals were widely detected and 
stable THz signal generation was achieved. This confirmed stable lasing of the laser at two 
wavelengths simultaneously. The highest detected THz power is about 30 nW. There are 
two main factors which lead to the relatively low detected THz power. One is the poor 
optical-to-THz conversion efficiency at room temperature of the PCA, which is around 10−5 
[202]. The other reason is that only about 10% of the THz signal was collected by the Golay 
cell due to 30º divergence angle of radiation from the PCA, the distance (140 mm) between 
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the PCA and the entrance of the detector, and the limited diameter of the entrance cone of 
the detector. Considering the half divergence angle 15º of THz beam, the distance from the 
PCA to the detector, and window diameter of the detector, the total THz output power is 
estimated to be around 1.4 µW. The conversion efficiency was calculated to be about 5.6 × 
10−5. 
 
Figure 5.11: 2D power intensity mapping of THz signals. 
Since the Golay cell is a wide-band detector, other sources of light would affect the detected 
power. Here, the residual 1550 nm light from the pump laser and the blackbody radiation 
from the heated PCA are the two main aspects to be taken into consideration. The residual 
1550 nm light was first considered. The maximum pump light power was 25 mW. The 1550 
nm light transmissivity through the PCA was measured to be 2%. The half divergence angle 
of a single-mode fibre is about 7º. Transmitted through the silicon lens, the half divergence 
angle becomes 8.6º. 1550 nm light has a transmissivity of about 45% for the high-density 
polyethylene window material of the Golay cell. Considering about the working distance of 
140 mm from the PCA to the Golay cell window and 11 mm window cone diameter, the 
power at 1550 nm transmitted through the windows is estimated to be about 7.6 µW. For the 
blackbody radiation, the laser spot size on the PCA was about 10 µm × 10 µm, and the 
117 
 
temperature at the laser spot was assumed 70 ºC. Then the generated blackbody radiation 
into the Golay cell could be estimated to be about 0.03 nW. Compared to the detected power 
of 30 nW, the blackbody radiation could be ignored. The residual 1550 nm pump light into 
the Golay cell was high. However, the 1550 nm light was not in the operating wavelength 
range of the Golay cell. The detected highest power was only about 30 nW, much lower than 
the estimated residual 1550 nm light. To further demonstrate THz signal generation, we 
introduced a piece of paper into the system to see the power change from the detector. 
 
Figure 5.12: Schematic of the set-up for generating and detecting THz waves transmitted 
through a piece of paper. 
Figure 5.12 shows the schematic of the experiment, where the paper was inserted between 
the optical chopper and the Golay cell. The rest of the experiment was the same as that shown 
in Fig. 5.8. The THz signal power was generated using the same dual-mode diode laser, with 
the injection currents of the DFB and SOA section scanned from 0 mA to 200 mA and 100 
mA respectively, as shown in Fig. 5.13. Compared to Fig. 5.11, the detected relative power 
was reduced by about 24.5% at the highest power point of 23.15 nW. The piece of paper was 
nearly transparent for THz signals. However, the transmission of 1550 nm light through the 
paper was measured to be about 10%. Since the measured power drop was about 25%, we 
can conclude the detected signal was not dominated by the 1550 nm light. What is more, 
without amplifying any laser light, the background power of EDFA was measured to be 5 
mW, which would contribute a residual light power of 1.5 µW. The background noise of the 
Golay cell was only about 9 nW, which also showed that 1550 nm light did not contribute 
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to the detected power of the Golay cell. THz signals were detected. To further demonstrate 
specific frequency generated, the most direct way is to measure the frequency peak 
generated. This work will be carried out in future by using a Michelson interferometer setup 
[203]. 
 
Figure 5.13: 2D power intensity mapping of THz signals transmitted through a piece of 
paper. 
5.5 Chapter Summary 
This chapter has introduced THz waves generation using dual-mode DFB semiconductor 
lasers. The design principals were first introduced and precisely-controlled wavelength 
spacing of the dual-mode laser’s two wavelengths could be achieved by taken the dispersion 
of effective refractive index into consideration. Dual-mode DFB semiconductor lasers were 
successfully designed and fabricated. Characteristics of the dual-mode laser were measured, 
including the output optical power, the optical spectra and autocorrelation traces. The 
average period of the emitted pulse train of the autocorrelation trace was demonstrated to be 
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consistent with the dual wavelengths’ spacing. A set-up for THz waves generation and 
detection was built based on the fabricated dual-mode lasers. THz signals were generated by 
a photoconductive antenna and detected by a Golay optoacoustic detector. An optical 
chopper and a lock-in amplifier operating at the frequency of 20 Hz were used to extract 
THz signals from the noisy environment. THz signals were successfully detected and 
confirmed stable lasing of the dual-mode lasers. It is concluded that the fabricated dual-mode 
lasers can be used to generate stable continuous-wave THz waves. 
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Chapter 6 
Mode-locked Semiconductor Lasers Based on 
SGDBR Structures 
6.1 Introduction 
Ultrafast mode-locked laser diodes (MLLDs) operating at THz repetition frequency provide 
exciting opportunities in future telecom systems, terahertz spectroscopy, imaging, and 
sensing, as described in Section 1.3. MLLDs have the advantages of compactness, 
robustness and low-cost for manufacturing. They can also be integrated flexibly with other 
semiconductor elements, such as SOAs.  
Mode-locking is a well-established route to generate short optical pulses. For a basic mode-
locked semiconductor diode laser based on an FP cavity with a length of at least a few 
hundred microns, the repetition frequency cannot exceed 100-150 GHz for the III-V material 
platform [204-206], which can be estimated from equations 1.3 and 1.4. The repetition 
frequency of optical pulses is inverse to the cavity round-trip time: the shorter the cavity 
length, the higher the repetition frequency. 
To generate pulse streams with higher repetition frequency, harmonic mode-locking can be 
utilised. This technique produces an optical pulse stream at a harmonic of the fundamental 
round-trip frequency of the device. Using this technique, repetition frequencies of several 
hundred gigahertz can be achieved. Harmonic mode-locking has been realized by several 
methods, including sub-harmonic optical injection [207], colliding pulse mode-locking 
(CPM) [208, 209], and compound-cavity mode-locking (CCM) [210, 211]. For sub-
harmonic optical injection, optical pulses from an external oscillator are injected into a 
harmonic oscillator and phase synchronisation is achieved between the two oscillators. This 
is a technique for reducing time jitter and achieving synchronisation, but the harmonic 
oscillator has to exist. 
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The CPM laser was first realized to generate ultra-short pulses in dye lasers [212]. CPM 
exploits the interaction of two counter-propagating pulses in the SA. Figure 6.1 shows the 
schematic of a typical CPM semiconductor laser. In the CPM laser cavity, two gain sections 
and an SA section are required. The SA is placed in the centre of the laser cavity to achieve 
maximum coupling between two colliding pulses. Given this device configuration, two sub-
cavities are formed, and the fundamental repetition frequency of the CPM laser is twice that 
of the whole cavity. Utilising this technique, a wide range of repetition frequencies from tens 
of GHz to 350 GHz have been realized at 1550 nm [208]. More complex structures of CPM 
have also been realized by dividing the laser cavity into more sections to achieve higher-
order harmonic oscillation, introducing more Gain and SA segments [209, 213]. Although 
CPM laser has the advantage of achieving higher repetition frequencies, the mode-locking 
performance is poor over CCM lasers. 
 
Figure 6.1: Schematic of a typical CPM laser: two optical pulses colliding in the SA, which is 
placed in the cavity centre. 
The CCM effect was first demonstrated by introducing an intra-cavity DBR reflector in the 
laser cavity [211]. In this circumstance, a coupled sub-cavity was created in the main 
resonator, and the DBR reflector works as a frequency filter. For low pumping currents, the 
laser was mode-locked at the fundamental repetition frequency of the entire cavity. 
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However, when the pumping currents were high, optical pulses at the repetition frequency 
of the sub-cavity were generated. By choosing the length of the DBR section so that there is 
an integer ratio between the DBR section and the entire cavity, repetition frequencies at 
harmonic mode-locking will be generated. The repetition frequency as high as 1.54 THz was 
realized by introducing the DBR section as a sub-cavity [214]. To increase the range of 
operation conditions and reproducibility, a CCM laser based on an etched slot reflector was 
proposed, reaching a repetition frequency up to 2.1 THz at 860 nm [215]. In this device 
configuration, an additional FP sub-cavity was created, which can be considered as an 
alternative to the DBR section. Figure 6.2 shows the schematic of a monolithic CCM laser, 
which contains an SA section and two gain sections. The etched slot divides the laser cavity 
into two segments, with a length ratio L1/L2 = 1/(M-1). L1 and L2 are the lengths of the two 
segments, as shown in Fig. 6.2, and M is an integer. Harmonic mode locking can be realized 
by spectral selectivity of the compound cavity and Mth-order mode-locking frequency can 
then be generated. 
 
Figure 6.2: Schematic of a monolithic CCM device with an etched slot reflector. 
In the THz repetition frequency range, the CPM laser suffers from poor performance. The 
CCM laser is very sensitive to the laser cavity length and operation at high repetition 
frequencies is limited by the resolution of conventional scribing tools. To overcome these 
disadvantages, MLLDs based on sampled grating distributed Bragg reflector (SGDBR) 
structures have been introduced to generate THz repetition frequencies that are determined 
by the grating periods, as well as achieving good mode-locking performance. Research on 
MLLDs based on novel SGDBR structures is the main topic for this chapter. 
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6.2 Device Design 
6.2.1 Mode-locked Laser Diodes based on C-SGDBR 
The use of SGDBR lasers to fabricate MLLDs with THz repetition frequencies was first 
proposed by my colleagure, Dr. Lianping Hou. These reported DBR lasers were based on 
conventional SGDBR (C-SGDBR) structures, with grating sections spaced apart by sections 
of waveguide without gratings [216]. Compared to previously reported MLLDs, these 
MLLDs based on C-SGDBRs have shown the advantages of reproducibility, controllability 
and a higher frequency operation range, up to 1.3 THz. 
 
Figure 6.3: (a) Schematic of the MLLD based on C-SGDBR, (b) configuration of the sidewall 
C-SGDBR [216]. 
Figure 6.3 illustrates the design of a MLLD based on a C-SGDBR from reference [216]. The 
schematic of a MLLD based on C-SGDBR is shown in Fig. 6.3(a), which contains a 30 μm 
saturable absorber (SA), a 960 μm gain section and a 675 μm C-SGDBR reflector. The 
design of the C-SGDBR reflector is shown in Fig. 6.3(b). In this design, the width of the 
ridge waveguide for the C-SGDBR reflector was designed as 2.5 μm and the grating recess 
was 0.6 μm. The 0th-order grating period Λ (246 nm) and the sampling period P (67.5 μm) 
together determined the reflectivity spectrum of the C-SGDBR, which determined the 
oscillating frequencies for mode-locking. The grating burst in each sampling period was 10 
μm, which offered a duty cycle of about 0.148 (P1/P). To achieve a relatively uniform 
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reflectivity spectrum of the C-SGDBR, the duty cycle cannot be very high. A low duty cycle 
will lead to a low coupling coefficient and a longer sampled Bragg grating is then required 
to provide sufficient light reflection to support lasing. 
 
Figure 6.4: Schematic of round trips generated in C-SGDBR. 
The principle of C-SGDBR for mode-locking is shown in Fig. 6.4. In the C-SGDBR, each 
sampling period can be regarded as a sub-cavity and a round trip is formed in each sampling 
period. Hence, the round trip time τ is directly determined by the sampling period P, which 
can be given as: 
 𝜏 = 2𝑛𝑔𝑃/𝑐, (6.1) 
where 𝑛𝑔 (≈ 3.4889) is the group index of the ridge waveguide and c is the velocity of light 
in free space. The repetition frequency 𝐹𝑟⁡is inverse to the round trip time, which is:  
 𝐹𝑟 = 1/𝜏 = 𝑐/2𝑛𝑔𝑃. (6.2) 
To generate optical pulses with THz repetition frequencies, the sampling period P can be 
calculated as dozens of microns. The SGDBR acts as a filter and accurately determine the 
oscillating frequencies. From equation 6.1, we can see that the round trip time here is only 
related to the sampling period and is not affected by the cavity length. This device 
configuration relieves the stringent fabrication and cleaving tolerances of the CCM laser. 
The MLLD shown in Fig. 6.3(a) had an as-cleaved configuration and FP modes still existed. 
To further eliminate the influences from the FP modes, bend ridge waveguides at the output 
facets have been introduced in the novel design of SGDBR-based MLLDs in this work. 
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6.2.2 Mode-locked Laser Diodes based on PPS-SGDBR 
The C-SGDBR has the significant disadvantage that the effective coupling coefficient, κ, is 
reduced significantly from that of a uniform Bragg grating because of the relatively small 
duty cycle. To overcome this limitation, the π phase-shifted SGDBR (PPS-SGDBR) 
structure was proposed and was applied to produce MLLDs successfully. The design of 
MLLDs based on PPS-SGDBR will be introduced in this section and the design of MLLDs 
based on C-SGDBR will be used for comparison. Compared with C-SGDBRs, the PPS-
SGDBR has a significantly larger effective coupling coefficient so the number of sampling 
periods can be reduced to make more compact devices, while achieving better mode-locking 
performance at the same time. 
The basic principle of introducing π phase-shifted gratings into sampling periods has been 
described in detail in Chapter 2. The sampled Bragg grating design for MLLDs was 
described in Section 2.4.3 and according to the simulation, the duty cycle for a uniform 0th-
order grating was optimised to be 0.25, as shown in Fig. 2.18. Figure 6.5(a) shows the 
sampled Bragg grating structure of a C-SGDBR. The sampling period P is 67.5 μm and the 
length of the 0th-order grating is P1 = 10 μm. The corresponding duty cycle is calculated as 
0.148. Figure 6.5(b) illustrates the sampled Bragg grating structure of a PPS-SGDBR, with 
the same sampling period and the same 0th-order grating period. When the duty cycle of the 
0th-order grating is set as P1/P = 0.25, the length of 0
th-order grating P1 is calculated to be 17 
μm in each sampling period. The other blank part of each sampling period is filled by the 
0th-order gratings with π-phase shifts. In this circumstance, the effective κ of the 0th-order 
reflection of the PPS-SBG is expected to be more than three times ((67.5 − 2×17) μm/10 μm 
= 3.35) that of a C-SGDBR and half that of a uniform Bragg grating. Choosing the 0th-order 
grating period Λ = 246 nm and sampling periods Ns = 10 for both of the structures, the 
reflectivity spectra of the two structures were calculated by the transfer matrix method, as 
shown in Fig. 6.5(c). The effective κ for 0th-order grating was chosen as 23.2 cm−1, which 
was calculated from the measured stop band of fabricated devices, as shown in Fig. 4.12. 
From the reflectivity spectra, the light reflection peaks of PPS-SGDBR are much higher than 
those of the C-SGDBR, which shows that the PPS-SGDBR indeed contributes a much larger 
effective coupling coefficient.  
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Figure 6.5: Sampled Bragg grating structures of (a) C-SGDBR, and (b) PPS-SGDBR; (c) 
simulated reflectivity spectra for the two grating structures [217]. 
Here, the C-SGDBR will only be used as a comparison. The work will be focused on the 
MLLDs based on PPS-SGDBRs while a deeper discussion of MLLDs based on C-SGDBRs 
can be found in references [206] and [217]. 
Based on the sampled Bragg grating design shown in Fig. 6.5, the configuration of MLLDs 
based on SGDBR structures is illustrated in Fig. 6.6(a), which contains different sections. 
The two kinds of MLLDs had similar device structures and the only difference was the 
grating design. Both had a 20 μm saturable absorber (SA), a 960 μm gain section, a 675 μm 
SGDBR section and a 600 μm SOA section with bent ridge waveguide. The isolation gap 
between adjacent electrode pads was designed as 30 μm. Ten sampling periods of 67.5 μm 
were used in the SGDBR section. Figure 6.6(b) shows SEM images of the sidewall gratings 
of the C-SGDBR and PPS-SGDBR. The ridge waveguide still had a width of 2.5 μm and a 
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recess of 0.6 μm. We can see clearly from the image that part of the ridge waveguide of C-
SGDBR did not have sidewall gratings, while the PPS-SGDBR was filled with π phase-
shifted gratings. The π-phase shift in one sampling period has been highlighted in the image.  
 
Figure 6.6: (a) Device structures based on C-SGDBR and PPS-SGDBR, (b) SEM images of 
the sidewall gratings of both of SGDBRs [217]. 
 
Figure 6.7: Micrograph of the fabricated MLLDs. 
Figure 6.7 shows the corresponding micrograph of the fabricated MLLDs after depositing 
p-contact electrodes. 
128 
 
6.3 Characteristics of Mode-locked Lasers 
6.3.1 640 GHz MLLDs Based on PPS-SGDBR 
After the fabrication of the MLLDs was completed, the lasers were cleaved into bars for 
measurements.  
 
 
Figure 6.8: Typical output power from the SOA side of the 640 GHz (a) C-SGDBR, and (b) 
PPS-SGDBR laser versus the gain current with different SOA currents, when the VSA = −3.0 V 
and ISGDBR = 10 mA. 
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Figure 6.9: (a) The optical spectra of 640 GHz C-SGDBR and PPS-SGDBR MLLDs measured 
at VSA = −3.0 V, IGain = 144 mA, ISGDBR = 10 mA and ISOA = 150 mA, (b) the corresponding 
autocorrelation trace for PPS-SGDBR [217]. 
Figure 6.8 shows the typical output power from the SOA side of the C-SGDBR and PPS-
SGDBR lasers versus the gain current (injection current of the gain section) at different 
injection currents of the SOA section (ISOA), with the voltage of the SA section VSA  = −3.0 
V and the injection current of the SGDBR section ISGDBR = 10 mA. The SGDBR section was 
set at the transparency current to reduce optical loss as well as achieve stability without 
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optical gain. The ISOA was scanned from 0 mA to 200 mA in steps of 50 mA. From these 
two graphs, we can see that the LI curves of the C-SGDBR and PPS-SGDBR lasers were 
similar. Both of the lasers had a threshold of about 25 mA and saturated at an output power 
of about 15 mW when the injection current of the SOA section was 100 mA. The threshold 
currents of the two types of lasers are similar. With the increase of SOA current, the threshold 
current was observed to decrease. This may be caused by the current leakage, since the 
resistance between adjacent electrode pads was only about tens of kΩ. Ion implantation 
technique like helium bombardment could be applied in the future to make a highly resistive 
region in the ridge waveguide [218]. It would be ideal if the resistance could reach MΩ. 
For comparison, the optical spectra of the C-SGDBR and PPS-SGDBR lasers were measured 
under the same operating conditions, as shown in Fig. 6.9(a). The lasing spectra were 
measured at VSA = −3 V, IGain = 144 mA, ISGDBR = 10 mA, and ISOA = 150 mA. As was pointed 
out previously, for these devices, the effective κ for the 0th-order grating was about 23.2 
cm−1. Because of the low effective coupling coefficient, the SMSRs of the spectra are not 
very high and the amplified spontaneous emission (ASE) was strong, giving a broad 
spectrum background emission. The ASE indicates the gain spectrum of the material, which 
is centred at about 1560 nm in this case and would move to longer wavelengths with an 
increase of gain current. However, because the PPS-SGDBR has a higher effective coupling 
coefficient, the relative ASE level of the PPS-SGDBR laser is lower than that of the C-
SGDBR laser. The suppression of the ASE confirms the enhancement of the effective 
coupling coefficient of the PPS-SGDBR structure. Since the two types of lasers were 
designed with the same sampling period and 0th-order grating, the lasers operated at similar 
wavelengths. The small difference of lasing wavelengths comes from the difference of ridge 
waveguide profiles of different SGDBR structures. According to equation 6.2, since the 
mode spacing is accurately determined by the sampling period P, both of the spectra had 
peaks separated by 5.1 nm. The longitudinal mode spacing is essentially independent of 
ISGDBR and temperature. Because of higher effective coupling coefficient, the optical 
spectrum of PPS-SGDBR laser was clearer and sharper than that of C-SGDBR laser. 
The autocorrelation of the pulse train from the PPS-SGDBR laser was also measured, using 
the method described in Section 5.3.2. Figure 6.9(b) shows the autocorrelation trace, which 
was measured under the same operating conditions as these utilised to measure the optical 
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spectrum shown in Figure 6.9(a). The SA section was reverse-biased at 3 V, which led to 
mode locking of the optical comb. To achieve good mode-locking performance, the voltage 
of the SA section is set between 2-3 V. The average period of the pulse train was 1.6 ps, 
corresponding to a repetition frequency of 620 GHz, and the pulse width was 0.8 ps. The 
repetition frequency was consistent with the longitudinal mode spacing of 5.1 nm. The 
design value of the repetition frequency was 640 GHz and the measurement result was very 
close, within 3.2%. Precise control of repetition frequency of optical pulses was achieved 
for MLLDs by using the sampling technique. Under high injection currents, additional lasing 
peaks were observed. Since there were reflections between the as-cleaved facet and the DBR 
mirrors, FP modes may exist. Under high injection currents, there is more gain, and these FP 
modes may lase, which would lead to additional lasing modes. This phenomenon need to be 
avoided and therefore the injection current should not be too high. 
 
Figure 6.10: 2D optical spectrum mapping of a 640 GHz PPS-SGDBR MLLD measured at VSA 
= −3.0 V, ISGDBR = 10 mA and (a) ISOA = 0 mA, (b) ISOA = 100 mA, (c) ISOA = 200 mA, (d) ISOA = 300 
mA. 
The stability of lasing in the longitudinal modes is important. 2D optical spectrum mapping 
of a PPS-SGDBR MLLD was measured for a range of IGain from 0 mA to 200 mA in steps 
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of 4 mA and ISOA from 0 mA to 300 mA in steps of 100 mA. These results were also 
measured with VSA = −3.0 V and ISGDBR = 10 mA, and are shown in Fig. 6.10. These figures 
show lasing in four main longitudinal modes and one longitudinal mode took the dominant 
role. With changes of the SOA current (ISOA), the 2D optical spectrum mapping also 
changed. The influence on the longitudinal modes by the SOA current may be because the 
electrical isolation between the SGDBR section and SOA section was not good, and the SOA 
current may have a leakage path to the SGDBR section. The electric isolation could be 
improved in the future by ion implantation-based isolation, using H+, He+, etc. [219, 220]. 
This influence may also result from the accumulated heat due to the increase of SOA 
injection current. Better cooling for the diode lasers are required in the future.  
The 2D optical spectrum mapping of a PPS-SGDBR MLLD was also measured for a range 
of IGain from 0 mA to 200 mA in steps of 4 mA and VSA from −2.4 V to −3.0 V in steps of 
−0.2 V. These results were measured when ISGDBR = 10 mA and ISOA = 100 mA, and are 
shown in Fig. 6.11. From these figures, we can see that the voltage applied to the SA section 
(VSA) had little influence on the multiple longitudinal modes. 
 
Figure 6.11: 2D optical spectrum mapping of a 640 GHz PPS-SGDBR MLLD at ISOA = 100 mA, 
ISGDBR = 10 mA and (a) VSA = −2.4 V, (b) VSA = −2.6 V, (c) VSA = −2.8 V, (d) VSA = −3.0 V. 
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6.3.2 1 THz MLLDs Based on PPS-SGDBR 
According to equation 6.2, the repetition frequency Fr can be changed easily by changing 
the sampling period P. MLLDs with a repetition frequency of 1THz were also designed and 
fabricated.  
 
Figure 6.12: (a) Simulated reflectivity spectra of the 1THz PPS-SGDBR and its counterpart C-
SGDBR, (b) typical output power from the SOA side for 1THz PPS-SGDBR MLLD when the 
VSA = −3.0V and IPPS-SGDBR = 10 mA [217]. 
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The device configuration was similar to the PPS-SGDBR integrated with an SOA shown in 
Fig. 6.6 (a), with an only difference being the design of the PPS-SGDBR section. The 0th-
order grating period Λ was designed as 244 nm and the length of the PPS-SGDBR section 
was 648 μm. The duty cycle of the PPS-SGDBR was still chosen to be P1/P = 0.25 and the 
parameters are listed as: P = 43.2 µm, P1 = 11 µm, Ns = 15. The effective κ of the PPS-
SGDBR is expected to be around twice ((43.2 − 2×11)/11 = 1.93) that of a C-SGDBR and 
nearly half (((43.2 − 2×11)/43.2 = 0.49) that of a uniform grating. The reflectivity spectra of 
the PPS-SGDBR and the corresponding C-SGDBR were simulated by the TMM and are 
shown in Fig. 6.12(a), which confirms the above analysis. The designed central peak 
wavelength is 1560.5 nm and the wavelength spacing between adjacent modes is about 8.1 
nm, which corresponds to about 1 THz around 1550 nm. Figure 6.12(b) shows the output 
power versus the gain current for different ISOA with VSA = −3.0 V and ISGDBR = 10 mA. In 
this circumstance, the PPS-SGDBR laser was mode-locked at 1 THz. Other than the mode-
locking frequency, this figure is similar to that of the 640 GHz mode-locked lasers shown in 
Fig. 6.8. A maximum output power of about 15 mW was achieved when ISOA = 100 mA. 
A sharp and clear optical spectrum was measured for the 1 THz PPS-SGDBR MLLD at VSA 
= −3.0 V, IGain = 232 mA, IPPS-SGDBR = 10 mA, and ISOA = 100 mA, as shown in Fig. 6.13(a). 
The wavelength spacing between adjacent longitudinal modes was measured as about 8.1 
nm, which is the same as the design value. The main wavelength peak of the optical spectrum 
is also very close to the design value, as shown in Fig. 6.12(a). The wavelength spacings of 
the three wavelengths are not uniform because of wavelength dispersion in the laser cavity. 
In the frequency domain, the frequency separations are the same. Figure 6.13(b) illustrates 
the corresponding autocorrelation trace, with the same bias conditions as those used for 
measuring the optical spectrum. Although the pedestal of the autocorrelation trace is high, 
optical pulse signals can be clearly observed. The average period of the pulse train was 
measured to be about 1.0 ps, corresponding to an Fr of 1 THz. The fast Fourier transform 
(FFT) of the AC trace is also given as an inset in Fig. 6.13(a), which shows both the 
fundamental mode-locking frequency of 1 THz and the second harmonic. The width of an 
isolated pulse was 0.5 ps, half of the time period of the pulse train, assuming a sinusoidal 
pulse shape.  
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Figure 6.13: (a) The optical spectrum and FFT of AC trace (inset) measured at VSA = −3.0 V, 
IGain = 232 mA, IPPS-SGDBR = 10 mA, and ISOA = 100 mA, (b) corresponding AC trace for the 1 THz 
PPS-SGDBR MLLD [217]. 
The 2D optical spectrum mapping of a 1 THz PPS-SGDBR MLLD for a range of IGain from 
0 mA to 300 mA in steps of 4 mA is given in Fig. 6.14, measured at VSA = −3.0 V, ISGDBR = 
10 mA, and ISOA = 100 mA. When the gain current was set at 232 mA, three longitudinal 
modes were observed, as shown in Fig. 6.13(a). Figure 6.14 shows the 2D mapping of the 
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lasing wavelength with injection current. For the three longitudinal modes, mode 
competition is strong, and the two main longitudinal modes were lasing in a wide injection 
current range. For each longitudinal mode, there appears to be two sub modes with mode 
hopping occurring in each channel. This mode instability was caused by the low coupling 
coefficient of the gratings. Longitudinal mode stability would be improved by increasing the 
coupling coefficient. In future, the device fabrication process is expected to be optimised to 
achieve stable multiple longitudinal modes stimulation. The gain spectrum is also expected 
to be broadened by modifying wafer structures to reduce gain differences between different 
wavelength modes in the future, so that more wavelength modes can be supported. 
 
Figure 6.14: 2D optical spectrum mapping of a 1 THz PPS-SGDBR MLLD measured at VSA = 
−3.0 V, ISGDBR = 10 mA, and ISOA = 100 mA. 
6.4 Chapter Summary 
In this chapter, ultrafast mode-locked laser diodes (MLLDs) operating at THz repetition 
frequencies have been introduced based on novel SGDBR structures. The MLLD based on 
conventional SGDBR (C-SGDBR) structure was introduced first. The C-SGDBR MLLD 
was designed at a repetition frequency of 640 GHz and its configuration was described in 
detail. The round trip time of the SGDBR laser was directly determined by the sampling 
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period of the gratings, hence, the repetition frequency is set precisely by changing only the 
sampling period, relieving the stringent fabrication and cleaving tolerances associated with 
other laser structures. By introducing π-phase shift gratings into each sampling period, 
MLLDs based on PPS-SGDBR using the 0th-order grating with a duty cycle of 0.25 were 
designed and fabricated. The duty cycle of 0.25 was optimised to give a uniform reflectivity 
spectrum that would support an optical comb. For comparison, C-SGDBR and PPS-SGDBR 
MLLDs with similar configurations were designed with the same sampling period and 0th-
order grating period. The two types of MLLDs were demonstrated to have similar LI 
characteristics and close lasing wavelengths. The lower relative ASE level in the optical 
spectrum of the PPS-SGDBR MLLD has shown that the effective coupling coefficient of 
the PPS-SGDBR MLLD was significantly higher than that of the C-SGDBR MLLD. The 
behaviour was consistent with the simulation that showed the effective coupling coefficient 
of the PPS-SGDBR structure was about three times higher than that of the C-SGDBR 
structure with the same design of 0th-order grating period, sampling period and the number 
of sampling periods. The autocorrelation trace of the PPS-SGDBR MLLD has shown that 
the average period of the pulse train corresponded to a repetition frequency of 620 GHz, 
which was within 3.2% of the design value of 640 GHz. 2D optical spectrum mapping of the 
PPS-SGDBR MLLD at different SOA injection currents and SA bias voltages was also 
presented. By simply changing the sampling period, a MLLD based on a PPS-SGDBR 
structure with a repetition frequency of 1 THz was also designed and fabricated, which 
shows the flexibility and precision of sampling structures in realizing MLLDs with different 
repetition frequencies. Device characteristics, including LI curves, the output optical 
spectrum, the autocorrelation trace and the 2D optical spectrum mapping were all presented. 
It is concluded that MLLDs with compact design operating at THz repetition frequencies are 
promising components for use within THz sources.  
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Chapter 7 
Conclusions and Future Work 
7.1 Research Summary 
In this research work, novel designs of sampled Bragg gratings and their applications in DFB 
semiconductor lasers and mode-locked lasers were investigated. The research work was 
carried out in three main parts: design, fabrication and measurements. 
To design a sampled Bragg grating with a specific functionality, the transfer matrix method 
(TMM) was utilised to simulate reflectivity spectra of the Bragg gratings. The TMM is 
capable of simulating sampled Bragg gratings with complex structures. From the basic 
theory of sampled Bragg gratings, sampled Bragg gratings with phase-shifted sections were 
introduced. By introducing phase-shifted sections into sampling periods, higher effective 
coupling coefficients and various new functionalities could be realized. Based on sampled 
Bragg gratings with multiple phase-shifted sections, the Bragg grating design for a single-
mode DFB semiconductor laser array was simulated using the TMM. DFB semiconductor 
laser arrays using these sampled Bragg grating structures can achieve precise wavelength 
separation, with a smaller reduction of the effective coupling coefficient, compared to DFB 
semiconductor lasers with uniform Bragg gratings. Sampled Bragg grating structures for 
dual-mode lasers and mode-locked lasers were also introduced. These multi-longitudinal 
mode semiconductor lasers were designed to have a wavelength spacing corresponding to 
the THz frequency range. The optical reflectivity spectra of sampled Bragg gratings were 
optimised according to the simulation by the TMM. 
The semiconductor diode lasers were fabricated in the AlGaInAs/InP material system with 
five quantum-wells and the fabrication was carried out in the JWNC at the University of 
Glasgow. These semiconductor lasers had ridge waveguides with side-wall gratings, which 
did not require material regrowth and so were easier to be fabricated. Electron beam 
lithography was utilised for pattern transfer during the whole fabrication process to achieve 
high precision. Electron beam lithography was especially essential for Bragg grating 
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definition, since the 0th-order grating period was only about 240 nm. Dry etch was chosen 
for etching III-V materials to take advantage of etching anisotropy, small mask undercutting 
and good repeatability. Mask definition and dry etch of ridge waveguides with side-wall 
gratings were the key steps in the fabrication process. Dose tests were carried out to obtain 
good profiles of the masks for side-wall gratings and dry etch processes were optimised to 
reduce the undercut and “RIE lag” effect. In the final step of device fabrication, the sample 
was cleaved into bars for measurements. 
Measurements on fabricated semiconductor diode lasers were also carried out. The 
characteristics included LI curves, output optical spectra and far-field patterns. For dual-
mode lasers and mode-locked lasers, the autocorrelation traces were also measured. 
7.2 Main Achievements 
Semiconductor diode lasers based on novel design of sampled Bragg grating structures were 
designed and fabricated successfully. The highlights of the research work and main 
achievements are as follows: 
 An eight-wavelength DFB semiconductor laser array, aimed at WDM networks, was 
realised. The laser array was designed around 1550 nm and to have a wavelength 
spacing of 100 GHz. These DFB diode lasers had much higher effective coupling 
coefficients than those of DFB diode lasers based on a conventional sampled Bragg 
grating structure. The achieved average wavelength spacing was 104 GHz, which 
was nearly the same as the design value. The findings were reported in [160, 221, 
222]. 
 A novel dual-mode semiconductor diode laser was realised with a wavelength 
spacing of 4.45 nm, which corresponds to the THz frequency of 560 GHz. This dual-
mode laser had a single-cavity design based on the 2PS-SBG structure. Lasing in two 
longitudinal modes of the diode laser was stable. A demonstration of THz waves 
generation based on this dual-mode laser was also carried out. The related results 
were published in [198]. 
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 Mode-locked laser diodes (MLLDs) based on optimised PPS-SGDBR structures 
were fabricated. Compared to a MLLD based on the conventional SGDBR structure, 
these MLLDs had higher effective coupling coefficients, which could contribute to 
shorter cavity lengths and more compact device configurations. MLLDs with 
repetition frequencies of 640 GHz and 1 THz were designed, fabricated and 
measured. The repetition frequency of the MLLD could be changed easily and 
precisely by changing the sampling periods. Autocorrelation traces have shown that 
the MLLDs were operated properly at the designed frequencies. The findings were 
published in [217, 223, 224]. 
7.3 Future Work 
Improvements of the fabricated semiconductor lasers are worthy to be investigated. 
Although several novel designs of sampled Bragg gratings have been proposed, further new 
designs of sampled Bragg gratings are expected to be developed in the future. My 
suggestions for future work can be described as follows: 
 Although the dry etch process of ridge waveguides with side-wall gratings has been 
optimised, the undercut and “RIE lag” effects are still present. The effective coupling 
coefficient is expected to be increased by further improving the dry etch process. 
Simulations show such semiconductor lasers are expected to have larger effective 
coupling coefficients, which can reach about 80 cm-1. Semiconductor diode lasers 
with shorter cavity lengths but better performances, e.g. lower threshold currents, 
higher SMSRs, higher output power and larger modulation bandwidths, are expected 
to be produced. 
 The eight-wavelength laser array was achieved with a wavelength spacing of 100 
GHz. A narrower wavelength spacing, e.g. 50 GHz, could be investigated in the 
future. The laser array could be applied to DWDM systems, such as PONs, to assess 
the performance of the laser array in a transceiver and to study its cost-effectiveness 
in such an application. An investigation of integration with silicon-based devices is 
to be carried out to realize large-scale photonic integrated circuits. An array of FP 
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etalons could be hybrid integrated at the back of diode lasers to lock wavelengths to 
the WDM grid [225]. Benefiting from the precisely-controlled wavelengths, 
injection currents could be adjusted to lock the wavelengths to WDM grid. The 
integrated chip diode could share one TEC for temperature control, no need to adjust 
the temperature for each DFB diode laser. 
 For the dual-mode lasers, different wavelength spacings could be achieved by 
designing grating structures with different sampling periods. Further applications in 
THz wave generation are expected to be investigated, covering a broad range of the 
THz spectrum. 
 Mode-locked laser diodes with different repetition frequencies could be realised 
through sampled Bragg grating design with different sampling periods. Currently, 
competition between lasing modes is very strong. Stable lasing of multiple 
wavelengths in a single cavity would improve mode-locking performance at different 
injection currents. If more lasing wavelengths can be supported, the optical pulses 
will have a shorter duration time. Broadening the gain spectrum of the laser may be 
advantageous, e.g. by using quantum dots as the gain medium. Phase sections are 
also expected to be integrated into the mode-locked lasers. With phase tuning by 
injection currents, more stable multi-mode lasing and higher SMSR are expected to 
be achieved.  
 It is not easy to evaluate mode locking performance, especially for THz repetition 
frequency optical pulses. In the future, linewidth of individual lasing line could be 
measured for both dual-mode lasers and mode-locked lasers. The linewidth reduction 
could indicate mode locking [197]. 
 It is also essential to measure the generated THz frequency. Current spectrum 
analyser can only detect the THz signals up to about 300 GHz. By using a harmonic 
mixer, the frequency range can be extended to 500 GHz [226]. To measure higher 
THz frequencies, a method based on the interferometer would be applied [203]. Then 
the emission THz frequency could be determined using a Michelson interferometer 
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setup. By detecting the interference patterns of THz radiation from the 
interferometer, the THz frequency could be calculated. 
Novel semiconductor diode lasers including laser arrays, dual-mode lasers and mode-
locked lasers have been introduced in this thesis. In the future, more and more new 
semiconductor lasers with different functionalities are expected be produced, broadening 
the application areas of optoelectronic devices. 
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